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Abstract

Architecture and CAD for Speed and Arca Optimization of FPGAs

Doctor of Philosophy, 1998
Vaughn Betz
Department of Electrical and Computer Engineering
University of Toronto

In the thirteen years since their introduction, Field-Programmable Gate Arrays (FPGAs)
have become one of the most popular implementation media for digital circuits. Their program-
mability has been the key to the success of FPGAs, but this programmability also makes them ten
times larger and three times slower than Masked Programmed Gate Arrays (MPGAs).

This thesis investigates three aspects of FPGA architecture in order to find ways to reduce
these speed and area penalties. Our investigation method is experimental -- we technology map,
place and route circuits in each architecture of interest and measure the resulting speed and den-
sity of the circuit. To enable this architectural exploration, we create new, flexible Computer-
Aided Design (CAD) tools to perform logic block packing, placement and routing into a wide
variety of FPGA architectures. These CAD tools incorporate new algorithms that result in better
result quality than previous approaches, and their flexibility enables rapid exploration of radically
different FPGA architectures in a way that was not previously possible.

The three FPGA architectural issues we investigate are global routing architecture, cluster-
based logic blocks, and detailed routing architecture. In the global routing architecture investiga-
tion, we determine how FPGA architects can best allocate wiring tracks to the various channels
within an FPGA. We show that an island-style FPGA should make all channels the same width,
while a row-based FPGA should make the horizontal channels twice as wide as the vertical chan-
nels. We also find that an island-style FPGA has 5% better area-efficiency than a row-based
FPGA.

In our investigation of cluster-based logic blocks, we show that any logic block composed
of a cluster of one to ten look-up tables has reasonable area-efficiency. The absolute best area-
efficiencies are obtained by logic blocks with 1 or with 4 look-up tables per logic block. As well,
we found that the number of look-up tables in a logic block must be considered when choosing

other FPGA parameters, such as the flexibility of the logic block - routing interface.
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Finally, we examine different detailed routing architectures -- that is, how long the various
wires in an FPGA should be, and how they should be interconnected. We found that it is impor-
tant for FPGA routing to contain both tri-state buffers and pass transistor switches. While most
commercial FPGAs use many very long and very short wires, we found that routing architectures
composed of medium length lines are superior. We found that such routing architectures are 11 -
18% faster and require only O - 6% more area than a routing architecture modelled after that of a

top-selling commercial FPGA, despite being considerably simpler.
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Introduction

Chapter 1

Introduction

1.1 Motivation

In the thirteen years since their introduction, Field-Programmable Gate Arrays (FPGAs)
have become one of the most popular implementation media for digital circuits, growing into a $2
billion per year industry. The key to FPGAs’ popularity is their programmability -- an FPGA can
implement any circuit simply by being appropriately programmed. Other circuit implementation
options, such as Standard Cells or Mask-Programmed Gate Arrays (MPGAs), require that a dif-
ferent VLSI chip be fabricated for each design. Use of a standard FPGA, rather than a custom
MPGA, has two key benefits: lower non-recurring engineering (NRE) costs, and faster time-to-
market.

To implement a circuit in an MPGA, one sends the completed design to a silicon foundry
which manufactures a chip to implement exactly (and only) that design. The non-recurring engi-
neering (NRE) fees to have the first chip manufactured are typically $100 000 to $250 000; these
fees cover the cost of making lithography masks for the circuit and of running a new design
through the fabrication plant. A design is implemented in an FPGA, however, simply by pro-
gramming a standard FPGA to have the desired functionality, so there are no NRE costs. This
makes FPGAs the lowest cost implementation medium for small and medium volume designs.

Time-to-market is the other key advantage of FPGAs. MPGA designs typically take 6 - 8
weeks to fabricate. If bugs are found in the finished chip it must be thrown away, and one must
wait another 6 - 8 weeks to fabricate a corrected design. FPGAs, on the other hand, can be pro-
grammed in seconds, and any bugs found once the chip is tested in system can be corrected in

minutes by reprogramming the FPGA. With today’s short product cycles, the time-to-market
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advantage this provides is often compelling.

FPGA programmability carries a price, however. In MPGAs and Standard Cells circuitry is
interconnected with metal wires. FPGAs, in contrast, must connect circuitry via programmable
switches. These switches have higher resistance than metal wires and add significant capacitance
to connections, reducing circuit speed. As well, the switches take up more area than metal wires
would, so an FPGA must be considerably larger than an MPGA to implement the same circuit.
Typically a circuit implemented in an FPGA is about 10 times larger and 3 times slower than the
same circuit implemented via an MPGA in an equivalent process [1]. The larger size of FPGA
circuitry makes FPGA implementations more expensive than MPGAs for high volume designs,
and the limited speed of FPGAs precludes their use in very high-speed designs. Consequently,
there is a compelling motivation to research new FPGA architectures which reduce these speed
and density penalties as much as possible. As well, the FPGA marketplace is highly competitive,
so each FPGA manufacturer is constantly searching for better FPGA architectures in order to gain
a speed and density advantage over its competitors.

Industrial FPGA research tends to focus on point solutions -- companies make reasonable
design choices and guesses to get a product to market in a timely fashion. Industrial FPGA
researchers generally do not explain which design choices were carefully researched and which
were educated guesses, and they usually do not investigate (or at least do not publish) the effect
radically different design choices would have had. One way academic FPGA research, such as
this thesis, therefore adds value is by exploring a “space” of architectures. We determine the best
choice for various architecture parameters, the sensitivity of FPGA performance to each parame-
ter, and useful “rules of thumb” for designing good FPGAs.

In order to investigate the quality of different FPGA architectures, one needs Computer-
Aided Design (CAD) tools capable of automatically implementing circuits in each FPGA archi-
tecture of interest. This thesis therefore has two major foci: the study of several FPGA architec-
tural issues, and the development of a highly “flexible” CAD infrastructure that enables these

investigations of different FPGA architectures.

1.2 FPGA Architectural Issues

All FPGAs consist of a large number of programmable logic blocks, which can each imple-
ment a small amount of digital logic, and programmable routing which allows the logic block

inputs and outputs to be connected to form larger circuits. In this thesis we investigate three dif-
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ferent issues in FPGA architecture: two concern FPGA routing design, and one concerns FPGA
logic block design.

The first issue we invcstigate is global routing architecture [2, 3]. The global routing archi-
tecture of an FPGA specifies the relative width of the various channels within the chip. Figure i.i
depicts an example global routing architecture in which the channels near the center of the FPGA
are wider than those near the edges. In MPGA and standard cell implcmentations, a custem chip
is created for each design, so routing channels can easily be made wider in areas of a chip where
the demand for routing is greater. In FPGAs, however, all routing resources are prefabricated, so
the width of all the routing channels is set by the FPGA manufacturer. Our goal, then, is to find
the distribution of routing resources, or tracks, to the various channels that permits their efficient
utilization by the largest class of circuits. If there are too few tracks in some area of the chip then
many circuits will be unroutable, while if there are too many tracks, they may be wasted. There is
no agreement amongst commercial FPGAs on the best global routing architecture {4, 5, 6, 7], so
this question has clear commercial relevance.

The second issue we investigate is the use of cluster-based logic blocks in FPGAs (8, 9].
These logic blocks are groups, or clusters, of look-up tables (LUTSs) and flip flops along with local
routing to interconnect the LUTs within a cluster; Figure 1.2 depicts an example logic cluster. In
an FPGA using cluster-based logic blocks, many connections will then be made via the local
interconnect within a cluster. Since this local interconnect can be made faster than the general-
purpose interconnect between logic blocks, cluster-based logic blocks can improve FPGA speeds.
As well, an FPGA in which every logic block contains several LUTs will need fewer logic blocks
to implement a circuit than an FPGA in which each logic block is a single LUT. This reduces the

8 Tracks 2 Tracks
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Figure 1.1: Example global routing architecture.
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Figure 1.2: Example logic cluster containing two LUTs.

size of the placement and routing problem considerably. Since placement and routing is usually
the most time-consuming step in mapping a design to an FPGA, cluster-based logic blocks can
significantly reduce design compile time. As FPGAs grow larger, it is important to keep this com-
pile time from growing too large or one of the key advantages of FPGAs, rapid prototyping and
quick design turns, will be lost.

The effect of cluster-based logic blocks on FPGA area is complex, and is the focus of our
investigation of these logic blocks. On the one hand, grouping related LUTs together into a single
logic block reduces the number of connections to be routed between logic blocks, saving routing
area. Since the general-purpose interconnect consumes most of the die area in SRAM-based
FPGAs [1], this is a significant area savings. On the other hand, in the logic clusters we study, the
area required by the local routing grows quadratically with the number of LUTs in a cluster. For
sufficiently !'arge clusters, the area used by this local interconnect will exceed the area saved in the
general interconnect. We will investigate how the number of LUTs per cluster affects both FPGA
area and other important FPGA architecture parameters, such as the proper number of inputs to a
logic block and the required flexibility of the general-purpose interconnect. While recent FPGAs
from Xilinx [10], Altera [7], Lucent Technologies [5], Actel [11] and Vantis [12] have all grouped
several LUTs together into logic clusters, there has been little published work investigating the
impact of the logic cluster used on FPGA area-efficiency.

The final FPGA issue we examine is that of detailed routing architecture [13]. The detailed
routing architecture of an FPGA defines how logic block inputs and outputs can be intercon-
nected. The style of detailed routing architecture we will investigate is the island-style architec-
ture used by Xilinx and Lucent FPGAs [, 4, 5]. A simplified detailed-routing architecture is
depicted in Figure 1.3. Detailed routing architecture is the key element of an FPGA because most
of an FPGA’s area is devoted to routing, and most of a circuit’s delay is due to routing delays

rather than logic block delays [14, 1], so creating detailed routing architectures that are both fast
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Figure 1.3: Example detailed routing architecture.

and area-efficient is clearly crucial. The detailed routing architecture defines such features as:

¢ which routing wires in the channel adjacent to a logic block input or output can connect

to that logic block pin,

= how many logic blocks each routing wire spans before terminating,

= where routing switches are located and which routing wires they can connect together,

» whether each routing switch is a pass transistor or a tri-state buffer,

* the sizes of the transistors used to build the various programmable switches, and

» the metal width and spacing of the various routing wires.

Devising a good detailed routing architecture is a very challenging problem, as the best
value for each of the parameters abcve depends on complex trade-offs. For example, if we have
too many programmable switches we will clearly waste area, and the increased delay caused by
connections passing through many switches will degrade circuit speed. If, on the other hand, we
have too few programmable switches, or if they are arranged in a poor topology, circuits will be
either wasteful of wires or completely unroutable. Achieving an appropriate balance between
pass transistor based and tri-state buffer based switches is also crucial -- pass transistors take less
area and are faster for connections that go through only a few switches, but buffers are faster for
connections that go through many switches. Similarly, if we have too few long routing wires,
long connections will have to pass through many programmable switches and will be slow. On
the other hand, too many long wires will result in short connections being made via long wires,
wasting area and degrading speed.

It is difficult to look at one detailed routing architecture parameter in isolation -- the param-
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eters listed above interact in complex ways to determine an FPGA’s speed and area-efficiency.
Accordingly, we have tried to take a holistic approach that looks at all the parameters determining
a detailed routing together, and assesses both the speed and area of each FPGA we investigate.

This study is the first to examine such a broad spectrum of detailed routing architectures.

1.3 Research Approach and CAD Tools

Our research approach is experimental -- we technology map, place and route benchmark
circuits into each FPGA architecture of interest and measure the area and/or delay of each circuit
in that architecture. FPGA architectures which lead to the fastest and smallest implementations of
the benchmark circuits are the best.

In order to evaluate different architectures, our Computer-Aided Design (CAD) tools must
be very flexible -- they must be able to target all the architectures of interest. This precludes the
use of commercial FPGA CAD tools, as they target only the FPGAs of a specific manufacturer.
Accordingly, we have created new CAD tools to pack multiple LUTs into a logic cluster, to place
logic blocks within an FPGA, and to route the connections between logic blocks [15]. In addition
to making these CAD tools flexible, we also took considerable care to ensure they produced high
quality results, as poor CAD tools can lead to inaccurate architecture conclusions. The CAD tools
understand the special features of each architecture, and attempt to fully optimize for each archi-
tecture they target. They incorporate several new features and enhancements to existing algo-
rithms, so the CAD algorithms are of interest in their own right. As well, these CAD tools are in
use in numerous FPGA and CAD studies at the University of Toronto and around the world, and
obtain the highest quality results on the set of standard benchmarks used to compare academic
place and route tools [15].

Ideally, one would lay out each FPGA architecture of interest to obtain exact area measure-
ments and highly accurate delay values. In this thesis we will investigate hundreds of different
FPGA architectures, so this is clearly impossible. Accordingly, we have developed more abstract
area models and delay estimates that do not require layout of the FPGAs, but which are still suffi-

ciently accurate to allow fair comparison of different architectures.

1.4 Thesis Organization

The next chapter provides background information and details some of the previous work in
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both the relevant areas of CAD and FPGA architecture. Chapter 3 describes the CAD algorithms
we used to pack several LUTs together into a lugic cluster, and the algorithms we used to perform
placement of logic blocks in an FPGA. In Chapter 4 we detail the CAD algorithms used in our
FPGA router.

Chapters 5 through 7 then employ these CAD tools to investigate the three FPGA architec-
tural issues outlined earlier. Each of these three chapters begins by describing the CAD flow and
area and/or delay models used in the experimental study, and then presents the architectural
results obtained. Chapter 5 evaluates different global routing architectures for FPGAs, and deter-
mines the most area-efficient architectures. In Chapter 6, we investigate cluster-based logic
blocks and determine the logic cluster types that maximize area-efficiency. In Chapter 7 we
ascertain which detailed routing architectures lead to FPGAs with the best combination of speed
and area-efficiency. The final chapter summarizes the thesis conclusions and provides sugges-

tions for future work.
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Chapter 2

Background and Previous Work

The first half of this chapter provides background information about FPGA architectures,
and briefly describes the prior work relevant to this thesis. The second half of the chapter
describes the CAD flow used to automatically map circuits into FPGAs and determine their speed,

and summarizes some of the prior work in the relevant areas of CAD.

2.1 FPGA Architecture

All FPGAs are composed of three fundamental components: logic blocks, I/O blocks and

programmable routing, as Figure 2.1 shows [16]. A circuit is implemented in an FPGA by pro-
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Figure 2.1: A generic FPGA [16].
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gramming each of the logic blocks to implement a small portion of the logic required by the cir-
cuit, and each of the I/O blocks to act as either an input pad or an output pad, as required by the
circuit. The programmable routing is configured to make all the necessary connections between
logic blocks and from logic blocks to I/O blocks. The following section brizfly describes the
basic technologies used to make FPGAs programmable. Sections 2.1.2 and 2.1.3 then describe

some of the different architectures for and prior research into FPGA logic blocks and routing,

respectively.

2.1.1 FPGA Programming Technologies

There are three different approaches to making FPGAs programmable [1, 16]. The most
popular technology today uses SRAM cells to control pass transistors, multiplexers and tri-state
buffers in order to configure the programmable routing and logic blocks as required. Figure 2.2
shows these SRAM-based switches. Notice that pass gates are implemented with nMOS pass
transistors, rather than complementary transmission gates, as this results in better speed due to the
higher carrier mobility in nMOS transistors [17, 18]. Most Xilinx FPGAs [4], the larger Altera
devices [7], the latest Actel FPGAs [11] and all Lucent Technologies FPGAs [5] are SRAM-
based. Alternative programming technologies are antifuses [19] which are used in many Actel
FPGA:s (6], and floating gate devices (e.g. EPROM, EEPROM and Flash) which are used in many
Complex Programmable Logic Devices (CPLDs) [20].

2.1.2 FPGA Logic Block Architecture

The logic block used in an FPGA strongly influences the FPGA speed and area-efficiency.
While many different logic blocks have been used in FPGAs [1], most current commercial FPGAs
are using logic blocks based on look-up tables (LUTs). Accordingly, in this thesis we will inves-

tigate only LUT-based logic blocks. Figure 2.3 shows how a 2-input LUT can be implemented in

an SRAM-based FPGA -- a k-input LUT requires 2k SRAM cells and a 2K-input multiplexer. A

2 SRAM cells
SRAM SRAM
S R
Pass transistor Tri-state buffer
Multiplexer

Figure 2.2: Three types of programmable switch used in SRAM-based FPGAs.
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Figure 2.3: A 2-input LUT implemented in an SRAM-based FPGA.

k-input LUT can implement any function of k-inputs; one simply programs the 2K SRAM cells to
be the truth table of the desired function.

Previous research has shown that LUTs with 4-inputs lead to FPGAs with the highest area-
efficiency [21], and most commercial FPGAs are based on 4-LUTs.

Most modern FPGAs are composed not of a single LUT, but of groups of LUTs and regis-
ters with some local interconnect between them, and there has been some research into logic
blocks containing groups of LUTs. Jianshe He and Rose studied FPGAs that contained look-up
tables of two different sizes [22]. Over a set of benchmark circuits, they found that an FPGA con-
taining two-thirds 4-input LUTs and one-third 2-input LUTs reduced the number of SRAM bits
within the LUTs by 22% and the number of logic block pins by 10% vs. an FPGA that contained
only 4-LUTs. They never actually placed and routed an FPGA with a logic block composed of
two 4-LUTSs and one 2-LUT, but these results show that such a logic block should have good area-
efficiency. In [23], Chung and Rose investigated logic blocks composed of several LUTSs joined
by inflexible “hardwired” connections. They found that some of these *“hard-wired logic blocks”
outperformed single 4-LUT logic blocks. In particular, a logic block composed of four 4-LUTs
connected in a specific tree topology led to an FPGA 7% more dense and 28% faster than an
FPGA using a single 4-LUT as its logic block. The area model used in this study modelled rout-
ing area by estimating the number of routing switches needed after global routing. Since this
model did not account for the fact that the routing transistors would most likely have to be sized
up for the larger logic blocks, these area numbers are probably somewhat inaccurate (overly opti-
mistic) for logic blocks with more than one LUT. Cong and Hwang [24] examined how well four
different logic blocks composed of groups of LUTs connected by hardwired connections, and in
one case a multiplexer, were able to implement “wide” functions of many variables.

In [25], Aggarwal and Lewis investigated hierarchical FPGA architectures. Since the logic
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clusters we will investigate can be thought of as a logic block with a two-level hierarchy, this is

somewhat related to our work.

2.1.3 FPGA Routing Architecture

Commercial FPGAs can be classified into three groups, based on their routing architecture.
The FPGAs of Xilinx, Lucent and Vantis are island-style FPGAs, while Actel’s FPGAs are row-
based, and Altera’s FPGAs are hierarchical [1]. In this thesis, we will almost exclusively investi-
gate the island-style routing architecture,' so we describe this style of routing architecture below.

Figure 2.4 depicts an island-style FPGA. Logic blocks are surrounded by routing channels
of pre-fabricated wiring segments on all four sides. A logic block input or output, which we call a
pin, can connect to some or all of the wiring segments in the channel adjacent to it via a connec-
tion block [26] of programmable switches. At every intersection of a horizontal channel and a
vertical channel, there is a switch block [26]. This is simply a set of programmable switches that
allow some of the wire segments incident to the switch block to be connected to others; note that
for clarity only a few of the programmable switches contained by switch boxes are shown in Fig-
ure 2.4. By turning on the appropriate switches, short wire segments can be connected together to
form longer connections. In the FPGA of Figure 2.4, notice that some wire segments continue

unbroken through a switch block. These longer wires span multiple logic blocks, and are a crucial

Programmable routing switch

Short
Logic wire
block segment
Connection
block
Long
Programmable wire
connection segment
switch !
Switch

| / block

Figure 2.4: An island-style FPGA.

1. Some of the results in Chapter 5 are also applicable to row-based FPGAs.
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feature in commercial FPGAs.

In [26], Rose and Brown developed a useful notation for describing scme of the parameters
of an FPGA’s rouiing architecture, and we will use their notation in this thesis. The number of
tracks, or wires, contained in a channel is denoted by W. The number of wires in each channel to

which a logic block pin can connect is called the connection biock flexibility, or F.. The number

of wires to which each incoming wire can connect in a switch box is called the switch block flex-

ibility, or F,. In the FPGA of Figure 2.4, for example, W is 4 for all channels, F_ is 2 and F; is 3.

Considering the importance of an FPGA's routing architecture to both its area-efficiency
and speed, relatively little prior research has been conducted. The question of how many wires
each channel in an FPGA should contain relative to the other channels, which we call the global
routing architecture of an FPGA has not been studied before. There is some prior work concern-
ing the detailed routing architecture of FPGAs, however.

Most prior work has investigated FPGAs in which all wires span only one logic block
before terminating at a switch block, and have compared architectures only on the basis of area-
efficiency. The area-efficiency metric in these studies has usually been the number of program-
mable switches contained in the routing. In [26], Rose and Brown investigated FPGAs of this

type and found that the most area-efficient architectures had Fg = 3 or 4 and F, = 0.7W to 0.9W.
Tseng et al showed that FPGAs with Fg = 2 can get reasonable area-efficiency despite the very low

flexibility of their switch block if the CAD tools properly optimize for the architecture [27]. Even

then, however, they found that F; = 3 was still 25% more area-efficient than Fg = 2. Other
researchers have focused on finding better F; = 3 switch box topologies in order to enhance

routability and hence area-efficiency [28, 29].
A few studies have looked at routing architectures that include different lengths of wires.
Figure 2.5 shows one channel in such an FPGA. The length of a wiring segment is the number of

logic blocks it spans; Figure 2.5 shows segments of length I, 2 and 4. The segmentation distribu-

Logic block Length 1 wires Length 2 wires Length 4 wire

N

S

Figure 2.5: Example channel segmentation distribution.
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tion defines what fraction of the tracks in each channel are of each length. In Figure 2.5 for exam-
ple, 40% of the tracks are of length 1, 40% are of length 2, and 20% are of length 4. When a wire
snans the entire width or height of an FPGA, we will use Xilinx’s terminology and call it a long
line.

Greene et al briefly describe a procedure to choose an appropriate distribution of segment
lengths for use in a antifuse-programmed row-based FPGA [30]. They looked at the distribution
of connection lengths extracted from a set of global routings of circuits, and hand-crafted a seg-
mentation distribution to match these lengths. Roy and Mehendale followed a similar procedure,
again to find segmentation distributions for antifuse-programmed row-based FPGAs. They cre-
ated a tool to automatically generate a segmentation length distribution that closely matched a
specified length distribution [31]. They found that a Poisson distribution of segment lengths led to
fewer series switches being used to make connections, on average, than a uniform distribution that
made all segments span four logic blocks. Consequently, the Poisson distribution should lead to
higher speed, but it required more routing area. Notice that both these studies assume that a distri-
bution of connection lengths can be guessed or determined from a global routing. While this is
possible in a row-based FPGA, island-style FPGAs usually perform global and detailed routing in
one unified step, so these methods of generating segmentation distributions will not work welil
with island-style FPGAs.

Some prior work has also investigated segmentation for island-style FPGAs. In these stud-
ies, all the programmable switches within a switch box were assumed to be pass transistors; the
possibility of tri-state buffer routing switches has not been investigated.

Brown et al investigated different segment length distributions in order to optimize the
speed and area of an island-style FPGA (32, 33, 34]. They placed circuits, then routed them with
a two-step (global then detailed) routing procedure, and evaluated the resulting speed and area for
each FPGA architecture of interest. They found that segments of length greater than 3 or 4 were
unnecessary, and that segments of length 1 were also not very important. The best segmentation
distributions, in terms of speed/area trade-off, had 40 - 70% length 3 wires, 10 - 50% length 2
wires, and 10 - 20% length 1 wires. Their conclusions may have been affected by several factors,
however. First, in the two-step routing scheme they use, the global router is unaware of the seg-
mentation distribution, and hence is not attempting to optimize for it. This may make it difficult
to use long wires effectively. Second, their area metric was number of tracks per channel required

to route, W, while FPGA area is usually determined by transistor area. Third, their speed metric
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was average net delay, rather than the circuit critical path. Finally, the tools did not use timing
analysis to determine which connections needed high-speed routing, and which could use area-
efficient routes.

Chow et al |35] performed a similar study of segmentation distributions in an island-style
FPGA, using similar tools to Brown et al [32]. They did not evaluate circuit speed, but assumed
that longer wires would lead to faster circuits. Hence, they looked for segmentation distributions
that incorporated length 2 and 3 wires but required only slightly higher W values to route circuits
than a segmentation distribution where all wires were length 1. They also investigated a new
architectural parameter, internal population, that is relevant to wires which span more than one
logic block. All wires are assumed to be able to connect to other wires and to logic blocks at their
endpoints. A wire segment is internally switch-box populated if it can make connections from its
interior to other wire segments (via switch boxes); otherwise it is switch-box depopulated. Simi-
larly, a wire that can connect to from its middle to logic blocks (via connection boxes) is inter-
nally connection-box populated. Figure 2.6 illustrates the four different internal population
possibilities for segments. Notice that a length 3 wire that is connection-box depopulated can
connect to only 2 of the 3 logic blocks it passes. A length 3 wire that is switch-box depopulated
can connect to wires in only two of the four vertical channels that pass by it. Internally depopu-
lated wire segments are faster than populated wire segments because there are fewer switches, and
hence less parasitic capacitance, connected to them. Chow et al found that switch-box depopu-

lated wires resulted in a significant increase in the required value of W to route circuits, while

Switch box Connection box

Logic block
/ -

Switch-block popuiated,
Connection-block populated

Switch-block populated,
Connection-block depopulated

Switch-block depopulated,
Connection-block populated

Switch-block depopulated,
Connection-block depopulated

Figure 2.6: Internal population and depopulation of wiring segments.
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connection-box depopulation caused only a small (~0 - 10%) increase in W. They also found that
many architectures wiili O - 60% length 2, 10 - 40% length 3, and the remainder length 1 wires
required only about 16% more tracks per channel than an all length 1 architccture.

In [36], Sun et al proposed a new type of FPGA routing structure that incorporated longer
wires. This new structure is related to but not identical to the routing of an island-style FPGA. Iis
area-efficiency, as measured by the number of programmable switches in the routing, is 50%
worse than that of an island-style FPGA that uses all length 1 wires. The number of active routing
switches (switches that are actually turned on to connect wires) is 35% lower in this new struc-
ture, however. The authors of [36] therefore conclude that this new FPGA is faster than an island-
style FPGA with all length 1 wires. This number of active routing switches delay metric is not
very closely related to critical path delay, however, so there is a large margin of error in their delay

results.

2.2 CAD for FPGAs

Implementing a circuit in a modern FPGA requires that hundreds of thousands or even mil-
lions of programmable switches and configuration bits be set to the proper state, on or off.
Clearly if a circuit designer has to specify the state of each programmable switch in an FPGA very
few designs will ever be completed! Instead, users of FPGAs describe a circuit at a higher level of
abstraction, typically using a hardware description language (such as VHDL) or schematic entry.
Computer-Aided Design (CAD) programs then convert this high-level description into a program-
ming file specifying the state of every programmable switch in an FPGA. To keep the complexity
of this procedure tractable, the problem of determining how to map a circuit into an FPGA is nor-
mally broken into a series of sequential subproblems, as shown in Figure 2.7. In the following
three sections we will describe the synthesis, placement and routing problems and briefly outline
some of the prior work in each area. Once a circuit is placed and routed, delay models and timing

analysis are used to assess its speed; we describe these problems in Sections 2.2.4 and 2.2.5.

2.2.1 Synthesis and Logic Block Packing

The first stage of synthesis converts the circuit description, which is usually in a hardware
description language or schematic form, into a netlist of basic gates. Then, the logic synthesis
process converts this netlist of basic gates into a netlist of FPGA logic blocks such that the num-

ber of logic blocks needed is minimized and/or circuit speed is maximized. Logic synthesis is
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Figure 2.7: FPGA CAD flow.

sufficiently complex that it is usually broken into two or more subproblems [37]; in this thesis we
will use a three-stage synthesis flow as shown in Figure 2.8.

Technology-independent logic optimization removes redundant logic and simplifies logic
wherever possible [37, 38]. The optimized netlist of basic gates is then mapped to look-up tables
[39, 40, 41, 42, 43]. Both of these problems have been extensively studied and good algorithms
and tools capable of targeting the FPGAs we are interested in studying are publicly available, so
this thesis does not study these phases of the synthesis process.

The third synthesis step in Figure 2.8 is necessary whenever an FPGA logic block contains
more than a single LUT. Logic block packing groups several LUTs and registers into one logic
block, respecting limitations such as the number of LUTs a logic block may contain, and the num-
ber of distinct input signals and clocks a logic block may contain. The optimization goals in this

phase are to pack connected LUTSs together to minimize the number of signals to be routed

(" Netlist of basic gates ) %
* -

Technology-independent logic optimization
Technology map to look-up tables (LUTs)
_LUT
Y oo

Pack LUTs into logic blocks

@etlist of logic blo@ :g_

Figure 2.8: Details of synthesis procedure.
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between logic blocks, and to attempt to fill each logic block to its capacity to minimize the num-
ber of logic blocks used.

This problem is a form of clustering. Clustering and partitioning are cssentially the same
problem; divide a netlisi into several pieces, such that certain constraints, such as maximum parti-
tion size, are respected, and some goal, such as minimizing the number of connections that cross
partitions, is optimized [44]. When a circuit is to be divided into only a few pieces, the problem is
called partitioning. When a circuit is to be divided into many small pieces in one step (as opposed
to recursively partitioning into a few partitions in each step), the problem is usually called cluster-
ing.

Clustering has been extensively studied [44, 45, 46, 47], with spectral {48, 49, 50, 51] and
labelling {52, 53, 54, 55] methods being popular. Many of these methods, however, cannot easily
incorporate simultaneous constraints on the maximum number of inputs, the number of clocks,
and the number of LUTSs and registers in a logic block, and these constraints are key in logic block
packing. Spectral methods use analytic techniques to produce “natural” groupings of circuit ele-
ments, and then enforce constraints on cluster size, etc. in a post-processing step. With many
cluster legality constraints, then, it becomes likely that this post-processing step will perturb the
“natural” clustering solution enough to significantly impact the result quality. It is difficult for
labelling methods to simultaneously satisfy both a constraint on the number of inputs to a cluster
(pin constraint) and the maximum number of items (e.g. LUTSs) in a cluster (size constraint).
Yang and Wong [55] present a labelling algorithm which can simultaneously satisfy both size and
pin constraints, but it tends to produce large amounts of logic replication and to only partially fill
clusters. Hence it requires a large number of clusters to cover a circuit.

In [56], Cong et al describe a logic block packing tool capable of targeting several different
types of logic blocks. It uses a closeness metric to determine the desirability of putting two LUTs
into the same logic block, and it respects any constraints restricting which LUTs can be packed
together. In [56), the packing step is performed via maximum weighted matching on a graph rep-
resenting the circuit. This is an O(nm) algorithm, where n is the number of LUTs, and m is the

number of edges in the graph {57, 58].! For the logic clusters we study, the number of edges in

this “closeness” graph, m, is O(n?), which would lead to an O(n?) algorithm.

1. If the edge weights are all integers within a limited magnitude range, algorithms with complexity some-
what worse than O (n'5m), but less than O(nm) exist [58]. With m of O(nl) this would still lead to an

algorithm with complexity worse than O(n>").
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In [59], a greedy algorithm is used to transform a netlist of circuit blocks into a netlist of
clusters, where each cluster contains approximately the same number of circuit blocks, and the
circuit blocks in each cluster tend to be highly connected. Initially each circuit block is a cluster.
The “closeness” of two clusters is a function of how many nets the two clusters share and the size

of the cluster that would result from merging them. More formally:

NumCommonNet(C, D) . ClusterSize(C, D)
min(NumPin(C), NumPin(D)) AverageClusterSize

2.1

closeness(C, D) =

where o is a weighting factor controlling how balanced the cluster sizes should be. The two clus-
ters with the largest closeness value are merged, and the closeness values of all the other clusters
are updated to reflect the change. The merging process terminates when the number of clusters in
the netlist falls below some user-specified value. While this algorithm was not developed for
FPGAs, and does not understand the hard constraints on cluster size and number of inputs intrin-
sic to logic clusters, the general approach of greedily optimizing a closeness function is highly

adaptable, and hence of interest.

2.2.2 Placement

Placement algorithms determine which logic block within an FPGA should implement each
of the logic blocks required by the circuit. The optimization goals are to place connected logic
blocks close together to minimize the required wiring (wirelength-driven placement), and some-
times to place blocks to balance the wiring density across the FPGA (routability-driven place-
ment) or to maximize circuit speed (timing-driven placement).

The three major classes of placers in use today are min-cut (partitioning-based) [60, 61, 62],
analytic [63, 64, 65, 66, 67, 68, 69] which are often followed by local iterative improvement [70],
and simulated annealing based placers [71, 72, 73, 74, 75, 76]. Recall that to fairly investigate
architectures we must ensure that our CAD tools are attempting to use all of an FPGA’s features -
- this means the optimization goals of our placer may change from architecture to architecture. It
is much easier to add new optimization goals or constraints to a simulated annealing based placer
than to a min-cut or an analytic placer, so we focus on this algorithm below.

Simulated annealing mimics the annealing process used to gradually cool molten metal to
produce high-quality metal objects [71]. Pseudo-code for a generic simulated annealing-based
placer is shown in Figure 2.9. A cost function is used to evaluate the quality of any placement of

logic blocks -- for example, a common cost function in wirelength-driven placement is the sum
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S = RandomPlacement ();
T = InitialTemperature ();
Rjimiy = InitialRyjmi ();

while (ExitCriterion {) == False) { /* “Outer loop” */
while (InnerLoopCriterion () == False) { /* “Inner loop” */
Spew = GenerateViaMove (S, Rjimid):
AC = Cost (Spew) - Cost (S);
r = random (0,1);
if (r< g aC/T ) {
S =Spews
}
} /* End “inner loop” */
T = UpdateTemp ();
Riimit = UpdateR i O
}  /* End “outer loop” */

Figure 2.9: Pseudo-code of a generic simulated annealing-based placer.

over all nets of the half-perimeter of their bounding boxes. An initial placement is created by
assigning logic blocks randomly to the available locations in the FPGA. A large number of
moves, or local improvements, are then made to gradually improve the placement. A logic block
is selected at random, and a new location for it is also selected at random. The change in cost
function that would result from moving the selected logic block to the proposed new location is
computed. If the cost would decrease, the move is always accepted and the block is moved. If the

cost would increase, there is still a chance of the move being accepted, even though it makes the

placement worse. This probability of acceptance is given by e ACT where AC is the (positive)

change in cost function the move causes, and T is a parameter called temperature that controls the
likelihood of accepting moves that make the placement worse. Initially, T is very high so almost
all moves are accepted; it is gradually decreased as the placement is refined so that eventually the
probability of accepting a move that makes the placement worse is very low. This ability to
accept hill-climbing moves that make a placement worse allows simulated annealing to escape
local minima in the cost function.

The rate at which temperature is decreased, the exit criterion for terminating the anneal, the
number of moves attempted at each temperature (InnerLoopCriterion), and the method by which
potential moves are generated are defined by the annealing schedule. A good annealing schedule

is crucial to obtain good results in a reasonable amount of CPU time. Many proposed annealing
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schedules are “fixed” schedules that have no ability to adapt to different problems. Such sched-
ules can work well within the narrow application range for which they were developed, but their
lack of adaptability means they are not very general [77]. Accordingly, we discuss below only
“adaptive” anncaling schedules that determine an annealing schedule based on statistics computed
during the anneal itself.

Huang et al [77], developed an annealing schedule and applied it to a standard-cell place-
ment problem. Huang’s schedule performs a set of random moves on the initial placement, and
sets the initial temperature (InitialT) to 20 &, where G is the standard deviation of the cost over

these moves. New temperatures (UpdateT) are computed via:
ATI‘III

Ty =Tyy¢ ° 2.2)

new
where A is typically set to 0.7 and o is the standard deviation of the moves accepted at T,y. The
InnerLoopCriterion of Figure 2.9 is fairly complex for this schedule; it involves monitoring the
fraction of new states generated that have their costs within a certain range of the average cost at
that temperature, and there are several special cases and fall-back cases defined. Finally, the
anneal terminates (ExitCriterion), when the difference between the maximum and minimum costs
accepted at that temperature equals the maximum cost change caused by any one move at that
temperature.

The schedule of Lam and Delosme [78], employs feedback control to set the annealing
schedule. It monitors the standard deviation of the cost, the average cost, and the fraction of pro-
posed moves that were accepted, o, over the past T moves. Typically T is 100. These values are
inputs to a sophisticated feedback system that determines a new temperature. In this schedule, a
new temperature is computed every move -- that is, the “inner loop” in Figure 2.9 executes only
one iteration each time control reaches it. The anneal terminates when there has been no change
in the average cost for the last k-T moves, where k is typically 5. This annealing schedule also
employs a range limiter to control the move generation process. The Ry, parameter in Figure
2.9 controls how close together blocks must be to be considered for swapping. Initially, Rj;p;; is
fairly large, and swaps of blocks far apart on a chip are likely. Throughout the anneal, Rj;p;, is
adjusted to try to keep the fraction of moves accepted at any temperature close to 0.44. If the frac-

tion of moves accepted, @, is less than 0.44, Rj;n,;, is reduced, while if o is greater than 0.44, Rjimi

is increased.
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One disadvantage of the Lam schedule is its complexity. Fortunately, Swartz and Sechen
have developed an annealing schedule incorporating some of the key ideas of the Lam schedule,

and which achieves equivalent quality, but is much less complex [79]. In this schedule, the num-
ber of moves attempted in the “inner loop” is 10 - Nb,ocks"33. The range limiter, Ryjr;, is updated
according to a fixed (hard-coded) schedule; the exact torm of this is not specified, but it likely ini-

tially spans the entire chip, and gradually shrinks to a small region. The “outer loop” is executed

150 times, and then the anneal terminates. The temperature is controlled by the fraction of moves
accepted:

a-044
Tnew = [l - 40 } : Told ’ (2».3)

where 0.44 is desired acceptance rate, and 40 is a damping coefficient to prevent wild oscillations
in temperature. While this schedule is much simpler than Lam’s, it has sacrificed some of the
adaptability of the Lam schedule, since the range limiter variation and the number of outer loop
iterations are now hard-coded.

Since the amount of routing in FPGAs is limited and set by the manufacturer when the
FPGA is fabricated, some FPGA placers attempt to optimize not just the wirelength of a place-
ment, but also its routability. [80] describes a simulated annealing based placer that targets the
Triptych FPGA developed at the University of Washington. Its cost function incorporates not
only a bounding-box wirelength term, but also a “porosity” term that monitors the fraction of
logic blocks in a local area that are being used. Since the Triptych FPGA is usually unroutable in
regions where the logic blocks are completely used, maintaining a porosity of 50% or so across
the FPGA is essential. In {81, 82] simulated annealing is used in a tool that performs placement
and routing simultaneously in one combined step. After any swap of blocks, all the affected nets
are re-routed via a maze router. To keep the CPU time reasonable, this maze router is constrained
to look at only a small number of potential routes when the temperature is high; at lower tempera-
tures, the router is allowed to spend more time looking for routes. If no suitable route is found
among the allowed candidates, the net is marked as currently unroutable, and the placement cost
is increased. The result quality of this tool is high, but the CPU time required is very large -- a cir-

cuit containing only 461 Xilinx 4000 logic blocks required 11 hours of CPU time to place and

route, and the complexity of this algorithm appears to be approximately O(n?). FPR [83]isa par-

titioning-based algorithm that performs placement and global routing simultaneously, again in an
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attempt to maximize circuit routability.

Some work has also been done in routability-driven standard cell placement that is applica-
bic to FPGAs. [84] describes a simulated annealing placer that divides a chip into many subre-
gions and estimates the demand for wiring in each region. This demand is compared to the supply
of routing in each region, and when the expected demand outstrips the routing supply in some
regions the placement is penalized by having its cost increased. Dividing the chip into subregions
and estimating wiring demand makes localized congestion visible, and merely estimating the wir-

ing demand in a region is faster than actually routing each placement proposed during the anneal.

2.2.3 Routing

Once locations for all the logic blocks in a circuit have been chosen, a router determines
which programmable switches should be turned on to connect all the logic block input and output
pins required by the circuit. In FPGA routing, one usually represents the routing architecture of
the FPGA as a directed graph [81, 80]. Each wire and each logic block pin becomes a node in this
routing-resource graph and potential connections become edges. Some prior research has repre-
sented FPGAs as undirected graphs [85], but a directed graph representation is needed if direc-
tional switches, like tri-state buffers and multiplexers, are to be modelled correctly.

Routing a connection corresponds to finding a path in this routing-resource graph between
the nodes representing the logic block pins to be connected. To avoid using up too many of the
limited number of wires in an FPGA, one wants this path to be as short as possible. As well, it is
important that the routing for one net not use up routing resources another net needs, so most
FPGA routers have some kind of congestion avoidance scheme to resolve contention for routing
resources. An additional optimization goal is to make nets on or near the critical path fast by rout-
ing them using short paths and fast routing resources. Routers that attempt to optimize timing in
this way are called timing-driven, whereas delay-oblivious routers are purely routability-driven.
Since most of the delay in FPGAs is due to routing, timing-driven routing is crucial to obtain good
circuit speeds.

FPGA routers can be divided into two groups. Combined global-detailed routers [80, 85,
86, 87, 88, 89, 90, 91] determine a complete routing path in one step, while two-step routing algo-
rithms first perform global routing [92, 93] to determine which logic block pins and channel seg-
ments each net will use, and then perform detailed routing [94, 95, 96, 30] to determine the

wire(s) each net will use within each of the specified channel segments. A channel segment is the
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length of routing channel that spans one logic block -- a channel that spans M logic blocks con-
tains M channel segments. The task of an FPGA detailed router is often difficult or impossible
because FPGA routing has limited flexibility and the detailed router is highly constrained by the
decisions the global router made about which channel segments each net must use. Combined
globz! -detailed routers have the potential to more fully optimize the routing, since they are free of
such constraints.

Of the routers listed above, only those of [80, 90, 89] use timing analysis (see Section 2.2.5)
to determine which nets are closest to the critical path so they can be given priority for fast routing
paths. Since much of our work is concerned with timing-driven routing, we will focus on these
three algorithms. At their core, all these routers use variants of maze routers [97] to connect the
terminals of each net. A maze router essentially consists of running Dijkstra’s algorithm [98] to
find the shortest (lowest total cost) path between a net source node and a net sink node in a rout-
ing-resource graph. All of these algorithms perform multiple routing iterations in which some or
all of the nets are ripped-up and rerouted by different paths to resolve competition for routing
resources or improve circuit speed. Both [89] and [90] use timing analysis only to help identify
good nets to rip-up and re-route -- nets which are likely to lead to a circuit speed-up if they can be
rerouted using a faster path. Ripping-up and re-routing these nets only changes the net ordering,
however; they are all routed by the same maze routing algorithm, regardless of how timing-critical
they are. The PathFinder negotiated congestion-delay algorithm [80] uses a more sophisticated
technique in which the congestion-delay trade-off of each net is controlled by how timing critical
it is. In other words, a timing-critical net will be routed by a minimum delay path even if it is con-
gested, while a non-timing-critical net will take a longer, uncongested path. This algorithm pro-
duces excellent results and incorporates several important ideas, so we describe it in detail below.

Pathfinder repeatedly rips-up and re-routes every net in the circuit until all congestion is
resolved -- this idea is due to Nair [99]. Ripping-up and re-routing every net in the circuit once is
called a routing iteration. During the first routing iteration, every connection is routed for mini-
mum delay, even if this leads to congestion, or overuse, of some routing resources. A circuit rout-
ing in which some routing resource is overused, such as a wire being used by two different nets, is
not a legal routing. Consequently, when overuse exists at the end of a routing iteration, another
routing iteration (or more) must be performed to resolve this congestion. After each routing itera-
tion the cost of overusing a routing resource is increased, so that the probability of resolving all

congestion increases. At the end of each routing iteration we have a complete, but potentially
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somewhat illegal, routing. We can therefore determine the net delays from this routing, and per-
form a full timing aralysis to compute the slack (see Section 2.2.5) of each source-sink connec-
tion. These slack values are used ini the next routing iteration to control how much attention each
connection pays to delay, and how much is paid to congestion-avoidance. Pseudo-code for the
algorithm is given in Figure 2.10.

The criticality of the connection from the source of net i to one of its sinks, j, is:

slack(i, j)

D 2.4)

Crit(i, j) = 1 -

max

where D, is the delay of the circuit critical path, and slack(i,j) is the amount of delay that could

be added to this connection before it affected the circuit’s critical path. Crit(i,j) is therefore

Let: RT(i) be the set of nodes, n, in the current routing of net(i).

Crit(i,j) = | for all nets i and sinks j;
while (overused resources exist) {  /* Illegal routing? */

for (each net, i) {
rip-up routing tree RT(i) and update affected p(n) values;
RT(i) = NetSource(i);

for (each sink, j, of net(i) in decreasing crit(i,j) order) {
PriorityQueue = RT(i) at PathCost(n) = crit(i,j)-delay(n) for
each node n in RT(i);
while (sink(i,j) not found) {
Remove lowest cost node, m, from PriorityQueue;
for (all fanout nodes n of node m) {
Add n to PriorityQueue at PathCost(n) =
Cost(n) + PathCost(m);

}

for (all nodes, n, in path from RT(i) to sink(i,j)) { /* Backtrace */
Update p(n);
Add n to RT(i);

}

Update h(n) for all n;
Perform timing analysis and update Crit(i,j) for all nets i and sinks j;
} /* End of one routing iteration */

Figure 2.10: Pseudo-code of the Pathfinder routing algorithm.
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between O and 1.
The cost of using a routing resource node, n, as part of connection (i,j) is

Cost(n) = Crit(i, j) - delay(n) + [1 = Crit(i, j)] - [b(n) + li(n)] - p(n). (2.5)
The first term in (2.5) is the delay sensitive term -- the criticality of the connection times the
intrinsic delay of the node. The second term is the congestion sensitive term. b(n) is the base cost
of node n, and is set equal to delay(n) in [80]. h(n) is the historical congestion of node r; it is
increased after every routing iteration in which node n is overused and gives the router “conges-
tion memory.” p(n) is the present congestion cost of node n; it is [ if using this node to route the
current connection will not cause any overuse, and increases with the amount of overuse of the
node. p(n) is also a function of the number of routing iterations that have been performed. In
early iterations, p(n) grows slowly with the current overuse of node n; in later iterations, p(n) goes
up very rapidly with overuse of node n.

The excellent performance of Pathfinder is due to two innovations: allowing overuse of
routing resources, and using the cost function of (2.5) to allow congestion to gradually be
resolved, and timing to be directly optimized. By slowly increasing the cost of congestion, via
p(n) and h(n), as more routing iterations are performed, connections that are on or near the critical
path tend to take the fastest paths and stay there, while less timing-critical connections are gradu-
ally forced off any overused nodes onto slower paths.

Notice that the router of Figure 2.10 uses a breadth-first search through the routing resource
graph to connect net terminals. The creators of Pathfinder [80] also describe an enhancement to
the basic algorithm that uses an A*, or directed, search [100] to speed execution. In Figure 2.10 a
node is added to the priority queue with a PathCost equal to the sum of all the node costs along the
path up to and including it. To convert this to an A* search, one simply adds this term to a lower
bound on the sum of the node costs needed to reach the target sink from the current node; the
result is then used as the sort value when the node is added to the priority queue.

Finally, Ebeling et al [80] also describe a purely routability-driven variant of the Pathfinder
router, which they call the Pathfinder negotiated congestion algorithm. This algorithm simply sets
the criticality of every net, crit(i,j), to 0 so that the cost of a node is given solely by the congestion-
sensitive term in (2.5). As well, this router connects the current routing tree to the first net sink
found, rather than a pre-determined target sink, during maze expansion.

The router used in the simultaneous placement and routing tool developed by Nag [81] has

one unique feature of interest. This router is again maze-router based, and it is targeted at Xilinx
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XC4000 series FPGAs. When routing a multi-terminal net, a maze router will typically route to
the closest sink, and then use this partial routing as the source (start point) when it attempts to
route to the next closest sink, and so on. This can cause problems when routing high-fanout nets
on FPGAs that contain some long wire segments. High-fanout nets typically span most of the
FPGA, but the distance from one sink to the next closest sink is usually unly a few logic blocks.
Consequeiitly, a traditional maze router, that iooks only at how to connect the partial routing to the
next closest sink, will tend to use short wires to build the routing trces for high-fanout nets, even
though using longer wires would be more efficient and result in faster nets. Nag solved this prob-
lem by dramatically reducing the cost of using a long line when the net bounding box spanned
most of the FPGA. The router then saw the cost of using a long wire to be less than that of even
one short wire, so it would use long lines to connect even to nearby sinks and construct a routing
tree of long wires for high-fanout nets. This idea of varying the cost of resources depending on
the type of connection being routed, or dynamic weighting, is a powerful one; in some sense Path-
finder’s varying the weighting of delay and congestion according to the criticality of the connec-
tion being routed is another example of this idea.

One shortcoming of current non-commercial timing-driven FPGA routers is that they are
designed to optimize only the linear delay model, in which every routing resource has a fixed
delay.! Most FPGAs contain at least some pass transistor switches in their routing, so the delay of
a routing resource actually depends on the topology of the net using it. As well, since the FPGAs
we study in Chapter 7 include buffers in the routing, the router must understand when to use a
buffered switch and when to use a pass transistor. Unfortunately, no non-commerciali FPGA
router is “buffer-aware.” The Xilinx commercial router [101] is buffer-aware and uses the Pen-
field-Rubinstein [102] delay model during routing. It is likely that the routers of other FPGA
companies whose products contain a mix of pass transistors and buffers are also buffer aware, but
to our knowledge the aigorithms used by these other companies have never been made public.

Considerable work has been done in the standard cell and MPGA routing areas on routing
under more accurate delay models [103, 104, 105, 106, 107, 108, 109, 110, 111, 112, 113, 114,
115, 116] and buffer insertion {117, 118, 119, 120, 121]). However, much of this work is not eas-
ily applicable to the FPGA routing problem because:

1. SEGA can use a more advanced delay model, but [32] showed that SEGA achieved better speed with a
cost function that emphasized recombining the two-point nets passed to it by the global router into multi-
terminal nets than it did with this delay-based cost function.
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1. MPGA routers can choose exactly where they want wires, how long these wires should
be, and where buffers should be placed. Since all FPGA routing resources are prefabri-
cated, however, FPGA routers are constrained to choose from a set of prefabricated wires
and switches. The flexibility of FPGA routing is low enough that if the router decides to
connect two wires together it usually has no further choice about whether to insert a
buffer or not at the join. There is usually only one switch that can connect these two
wires, and whether it is a buffer or a pass transistor was determined when the FPGA was
fabncated. In graph theoretic terms, FPGA routing consists of finding Steiner trees
embedded in a graph, while MPGA routing consists of finding Steiner trees embedded in
the Manhattan plane [85].

2. The complexity of many MPGA routing algorithms is quite high -- Ok3) to Ok is
common, where k is the number of terminals on a net. Since we will be routing circuits
with thousands of nets, and a few of these nets have hundreds of terminals, we must use
algorithms with reasonably low (ideally linear) complexity [122].

Nonetheless, some ideas from the MPGA world are relevant to our work. For example, in
the absence of congestion, PathFinder attempts to greedily optimize a combination of wirelength
and (linear delay model) delay to a net’s sinks, which is similar to the approach of [105]. In a sim-
ilar vein, [104] and [106] attempt to greedily optimize a combination of the Elmore delay and

wirelength; it should be possible to adapt these algorithms to FPGAs. The time complexity of
these algorithms is quite high, however. The algorithm of [106] is O(k*), and while the authors do

not give the complexity of their algorithm in [104], it appears to be at least O(k?). Since adapting
these algorithms to FPGAs involves routing within a large routing-resource graph, their complex-

ity may increase even further and make them impractical.

2.2.4 Delay Modelling

One must compute the delay of a route from a net source to any of its sinks in order to:

1. Determine the speed of a circuit after it has been routed, and

2. Determine the delay of different net topologies during routing.

Ideally, one would use a circuit simulator such as SPICE to obtain highly accurate delay
estimates, but the CPU time required to run SPICE on the thousands of nets in a typical circuit is

prohibitive. Instead previous researchers have modelled pass transistors as linear resistors and
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wires as an RC pi-network, so that a net’s routing may be modelled as an RC-tree [18]. In [18],
the Penfield-Rubinstein dclay model [102] was then used to determine an upper and lower bound
on the delay of the RC-tree to each of the net sinks. An alternative to the Penfield-Rubinstein
model is the Elmore delay {123], which is the most widely used delay estimate in routing research
[103]. The Elmore delay was originally defined only for RC-trees, but it has been combined with
a common model of buffer delay to allow its use with circuits that contain buffers, as well as
resistors and capacitors [107]. Each buffer is modelled by a constant delay and a resistor. The
constant delay accounts for the intrinsic delay of the buffer, while the resistance accounts for the
load-dependence of the buffer delay. Figure 2.11 shows the RC-model for each of the three ele-
ments of FPGA routing. Note that pass transistors and buffers attached to a wire add parasitic
capacitance regardless of whether they are on or off.!

The Elmore delay of a source-sink path is then [107]:

R;- C(subtree;) + T, (2.6)

i € Source-sink path

where Ty ; is the intrinsic delay of a buffer if element i is a buffer, and O otherwise. R; is the equiv-
alent resistance of element i (Ryjire, Rpup, OF Rpgss). In (2.6), C(subtree;) is the total capacitance of
the dc-connected subtree rooted at element i -- that is the total downstream capacitance which is

not isolated by buffers.
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Figure 2.11: Equivalent circuits for FPGA routing elements.

1. Notice that we model the capacitance of both “on” and *off™ pass transistors as being purely due to diffu-
sion capacitance. In fact the capacitance of an “on™ pass transistor is larger than that of an “off” pass
transistor, since the channel created when a transistor is “on” has capacitance to the gate and to the sub-
strate. Since relatively few pass transistors are “on” at any time and most of the capacitance in an FPGA
is metal capacitance, the error in total capacitance caused by this approximation is small (~1% to 2%).
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The Elmore delay of an RC-tree can be computed in linear time, and we will show in Sec-
tion 7.2.3 that its accuracy is quite good. As well, [124, 125] showed that even when the Elmore
delay is somewhat inaccurate it still tends to have high fidelity. That is, it still tends to rank the
speed of differcnt routing topologies correctly. This is a useful feature, as it means that the rela-
tive comparisons of topologies made by a router using it will correctly rank the alternatives, and
that comparisons of FPGA architecture speed made via Elmore delay will correctly rank the dif-

ferent architectures.

2.2.5 Timing Analysis

Timing analysis [126] is used for two basic purposes:

1. to determine the speed of circuits which have been completely placed and routed, and

2. to estimate the slack of each source-sink connection during routing (or other parts of the

CAD flow) in order to decide which connections must be made via fast paths to avoid
slowing down the circuit.

Normally one performs timing analysis on a directed graph representing the circuit structure
[126]. Nodes represent the input pins and output pins of basic circuit elements, such as registers
and LUTs, and edges are added between the inputs of combinational logic blocks (e.g. LUTSs) and
their outputs and between pins which the circuit netlist specifies are connected. Each edge is
annotated with the delay required to pass through the circuit element or routing. Register input
pins are not joined to register output pins -- register outputs have no edges incident to them, and
register inputs have no edges leaving them. Similarly, primary inputs (input pads) have no inci-

dent edges, and primary outputs (output pads) have no exiting edges. Figure 2.12 shows a simple
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Figure 2.12: The timing graph for a simple circuit.

30



Background and Previous Work

circuit implemented via 2-input LUTs and registers, and the corresponding timing graph.

One can determine the minimum required clock period with O(n) computation for a timing
graph with n nodes via a breadth-first traversal of the timing graph. The traversal begins at nodes
with no incident edges (primary inputs and register outputs) and labels each with a signal arriva!
time, Tymrivar Of 0. Each node which has incident edges only from labelled nodes is then labelled
with its arrival time according to

T arrival()) = Maxg;e ganiniy{Tarrivai(J) +delay(j, i)} 2.7
where node i is the node being labelled, and delay (j,i) is the delay value marked on the edge join-
ing node j to node i. This procedure continues until every node in the graph has been labelled.
The node with the largest arrival time, which will always be a primary output or a register input,
then defines the maximum delay, Dy,,,, (= minimum clock period) through the circuit. In Figure
2.12, for example, the arrival time at node Out is 12 ns, and this is the largest arrival time, and
hence the maximum delay, in the circuit.

The above procedure is sufficient to determine the speed of a circuit, but during routing we
also want a metric indicating how important each source-sink connection is in terms of its effect
on the circuit’s delay. The slack of a connection is defined as the amount of delay which could be
added to this connection without increasing the minimum cycle time of the circuit (if the delays of
all other connections remained constant). To compute the slack, we perform a second breadth-
first traversal of the timing graph. This time each node with no outward edges has its required
time, Trequired» S€t t0 Doy and a backward breadth-first traversal of the graph is performed to
label the remaining nodes. The required time of any node with fanout (outward edges) is

T yequired() = Miny;c pnouiy{T requirea(i) —delay(i, j)} (2.8)

The slack of the connection from node i to node j is then

slack(i, j) = T required()) = T arrivai(i) — delay(i, j) (2.9)
Connections with a slack of zero are on the circuit critical path -- any increase in the delay of such
a connection will lead to a corresponding increase in the circuit’s delay. Connections with large
slacks, on the other hand, could be routed via significantly slower paths without affecting a cir-

cuit’s delay. In Figure 2.12, for example, the slack of the connection between In, and LUT} is 0,

while the slack between Ing and LUTg is 7.5 ns.

Slack allocation [127, 128, 90] is used to determine a set of upper bounds on connection
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delays from a set of slacks, such that the circuit speed is guaranteed not to decrease as long as
each connection is routed with delay less than its upper bound. Some timing-driven placement
and routing tools require such upper bounds to guide them, while other tools work with the net

slack values direcily.

2.3 Summary

In this chapter we first reviewed the basics of FPGA architecture. We then detailed the ter-
minology used to describe FPGA logic blocks and FPGA routing architecture, and presented
some of the important prior research into both areas. In the second half of the chapter, we
described the CAD flows used with FPGAs. We focused particularly on algorithms for logic
block packing, placement and routing, and described some of the strengths and weaknesses of
prior approaches. Finally, we described the delay modelling and timing analysis procedures used
both to determine how fast a circuit will operate, and to help guide timing-driven CAD tools.

The next chapter describes the CAD tools we developed to perform logic block packing and
placement within an FPGA. Chapter 4 describes the new FPGA router we have developed. Our
placement tool is simulated annealing based, and our router makes use of many of the ideas of the
Pathfinder algorithm. Since both simulated annealing and Pathfinder were described in this chap-
ter, Chapters 3 and 4 will focus on the new ideas and enhancements in these tools.

Chapters 5, 6 and 7 then apply these CAD tools to investigate three different aspects of
FPGA architecture: global routing architecture, logic block clusters, and detailed routing archi-

tecture.
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Chapter 3

CAD Tools: Packing and Placement

This chapter describes the logic block packing tool we developed to target cluster-based
logic blocks and the new and novel parts of our FPGA placement tool.

A key goal for these tools, and of the router discussed in Chapter 4, is to be abie to target a
wide variety of FPGA architectures in order to enable architectural exploration. Furthermore,
these tools should be responsive to the variation of the FPGA architectural parameters -- they
should directly optimize for the different features of the FPGAs we investigate. Finally, we
wanted the result quality of the tools to be high, since low-quality tools can lead to inaccurate

architectural conclusions.

3.1 Logic Block Packing

Recall that the logic block packing problem (introduced in Section 2.2.1) consists of pack-
ing the LUTSs and registers output by a LUT-based technology mapping program into larger logic
blocks. The next section describes the exact structure of the “cluster-based” logic blocks we wish
to target, and Section 3.1.2 details the algorithm we have developed to pack LUTs and registers
into these logic blocks. While Altera has an in-house tool targeting cluster-based logic blocks and
Xilinx has an in-house tool targeting the “cluster-like” logic blocks of the 5200 FPGA, we know

of no published work describing algorithms that target cluster-based logic blocks.

3.1.1 Cluster-Based Logic Blocks

The structure of a cluster-based logic block, which we also call a logic cluster, is shown in
Figure 3.1 [8, 9]. The cluster-based logic blocks we investigate have a two-level hierarchy: the

overall block is a collection of basic logic elements (BLEs). As shown in Figure 3.1a, our basic
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Figure 3.1: Structure of (a) basic logic element (BLE) and (b) logic cluster.

logic element consists of a LUT and a register, and the BLE output can be either the registered or

unregistered version of the LUT output. This is how many commercial FPGAs combine a LUT

and a register to create a structure capable of implementing either combinational or sequential

logic. The complete logic block contains N BLEs and local routing to interconnect them, as

shown in Figure 3.1b.

A logic cluster is described with the following four parameters:
1.
2.
3.
4.

the size of (number of inputs to) a LUT (X)),
the number of BLEs in a cluster (V),

the number of inputs to the cluster for use as inputs by the LUTs (/), and

the number of clock inputs to a cluster (for use by the registers), M.

In this dissertation, we focus on logic clusters in which the LUT size, K, is 4 and the number

of clock pins on a cluster,

olk» 18 1 -- this is the case shown in Figure 3.1. Nonetheless, the

VPack logic block packing tool is capable of targeting logic clusters with different values of X
and My [129].

As Figure 3.1 shows, not all K-N look-up table inputs are accessible from outside the logic
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cluster. Instead, only / external inputs are provided to the logic cluster -- multiplexers aliow arbi-
trary connections of these cluster inputs to the BLE inputs. The same multiplexers also connect to
each of the N BLE outputs, allowing the output of any BLE within the cluster to be connected to
any of the BLE inputs. All N outputs of the logic cluster can be connected to the FPGA routing
for use by other logic clusters.

Notice that each of the BLE inputs can be connected to any of the cluster inputs or any of
the BLE outputs. Logic clusters are therefore fully-connected. This is a useful feature, as it sim-
plifies our CAD tools considerably. For example, determining if all the appropriate signals can be
connected to the BLE inputs reduces to counting the number of different input signals needed by
the BLE:s in a cluster that are not generated within the cluster, and comparing it to the number of
cluster inputs, /. The logic cluster used in the Altera 8K and 10K FPGAs is fully connected [7],
and the logic block used in the Xilinx XC5200 FPGA is nearly fully connected [10].

3.1.2 The VPACK Logic Block Packing Tool

Our logic block packing tool, VPack, takes as input a netlist of LUTSs and registers, and out-
puts a netlist of logic clusters. The parameters describing the exact logic cluster to be targeted (¥,

I, K, and M) are all specified on the command line; VPack can target a logic cluster correspond-

ing to any combination of these parameters. VPack groups the LUTs and registers into logic clus-
ters in two stages: first, it packs LUTs and registers together into BLEs, and then it packs multiple
BLEs into logic clusters. The entire algorithm is outlined via pseudo-code in Figure 3.2, and is
described in detail below.

The first stage of the algorithm uses a simple and optimal pattern matching algorithm to
pack a register and a LUT together into one BLE whenever possible. Figure 3.3 shows that when
the output of a LUT fans out only to a single register, both the LUT and register can be packed

into a single BLE. Any other interconnection pattern requires that a LUT and register be assigned

to two separate BLEs.

P
Fr——————— 1 r— == (r—=—n — ur
—lp 1, — | | 1, ::
—t— LUT Reg] | —T% rut [ (Reg
. | —t+» | |
bLemr———— = - < T N S |
1 BLE 2BLEs

Figure 3.3: Packing LUTs and registers into BLEs.
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Let: UnclusteredBLEs be the set of BLEs not contained in any cluster
C be the set of BLEs contained in the current cluster
LogicClusters be the set of clusters (where each cluster is a set of BLEs)

UnclusteredBLEs = PatternMatchToBLEs (LUTs, Registers);
LogicClusters = NULL;

while (UnclusteredBLEs != NULL) { /* More BLEs to cluster */

C = GetBLEwithMostUsedInputs (UnclusteredBLEs);

while (ICl < N) { /* Cluster is not full */
BestBLE = MaxAttractionLegalBLE (C, UnclusteredBLEs);
if (BestBLE == NULL) /* No BLE can be added to cluster */

break;

UnclusteredBLEs = UnclusteredBLEs - BestBLE;
C =C u BesiBLE;

}

if (ICI<N) { /* Cluster nct full -- try hill-climbing */

while (ICl < N) {
BestBLE = MinClusterInputIncreaseBLE (C, UnclusteredBLEs);
C=CuBestBLE
UnclusteredBLEs = UnclusteredBLEs - BestBLE;

}

if (ClusterIslllegal (C)
RestoreToLastLegalState (C, UnclusteredBLEs);

}

LogicClusters = LogicClusters U C;

Figure 3.2: Pseudo-code for VPack.

The second, and more complex, stage of VPack packs these BLEs into logic clusters. The
optimization goals are twofold. First, we want to fill each logic cluster to its capacity, N, in order
to minimize the number of logic blocks needed. Second, we want to minimize the number of
inputs to each cluster in order to reduce the number of connections to be routed between clusters,
and hence enhance routability.! To be packed into a single logic cluster, a group of BLLEs must
satisfy three conditions:

1. The number of BLEs must be less than the cluster size, N;

2. The number of distinct signals generated outside the cluster and used as inputs to the

1. One could also optimize circuit speed by trying to pack BLEs such that connections likely to be on the
critical path are made via the fast local interconnect within a logic cluster. Such timing-driven logic clus-
ter packing is beyond the scope of this wark, but is a fertile area for future research [130].
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cluster BLEs must be less than or equal to /; and

3. The number of different clocks used by the BLEs must be less than M.

VPack constructs sach cluster sequentially. The algorithm has two phases: an initial phase
that greedily packs BLEs into a cluster, and a hill-climbing phase that is invoked only if the
greedy phase is unable to completely fill a cluster. The greedy phase begins by choosing a seed
BLE for the current cluster. We have found that the best way to choose this seed is to select the
unclustered BLE with the most used inputs, as such BLEs use the most cluster inputs, which are a
scarce resource. Next, VPack selects the BLE with the highest attraction to the current cluster
which could legally be added to the current cluster, and adds it to the cluster. The attraction
between a BLE and the current cluster is the number of inputs and outputs they have in common:

Attraction(BLE) = |Nets(BLE) N Nets(C)| 3.
where C denotes the current cluster. This attraction function tends to group related BLEs into
clusters, and minimize the number of distinct inputs to cluster. A BLE with a high attraction to
the current cluster will not be added to the cluster if it would result in an illegal cluster -- a cluster
that needs more than [/ inputs, or more than M, different clocks.

This procedure of greedily selecting a BLE to add to the current cluster continues until
either the cluster is full or adding any unclustered BLE would make the current cluster illegal. If
the cluster is full, we select a new seed BLE and begin packing BLEs into a new cluster. If how-
ever, the cluster occupancy is less than N and we cannot add any BLEs because of a lack of cluster
inputs, a second, hill-climbing, phase of VPack is invoked.

Since we know that any clusters that reach this second phase will be difficult to pack to
capacity, VPack now selects BLEs to add to the cluster in order to minimize the increase in the
number of cluster inputs required. The number of additional cluster inputs required when a BLE
is added to a logic cluster is simply

A (BLE) = |Fanin(BLE)| - Attraction(BLE). (3.2)

cluster inputs
In this hill-climbing phase, VPack also allows BLEs to be added to a cluster even if it resuits in a
cluster that is infeasible because it needs more than / inputs (but it does not allow the number of
clocks to exceed M,.;;). Note that adding a BLE to a cluster in which all of its inputs are already
present, and in which the output of the BLE is used by some other BLE already in the cluster
decreases the number of distinct inputs to the cluster by one. Figure 3.4 shows this situation.

This is the key to the hill-climbing phase; while adding one BLE to a cluster makes it infeasible, it
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Befare: 3 cluster inputs used Add another BLE After: 2 cluster inputs used
a b C —
r— - — — =84 /’ o
| a b a lc l — / al l
! |
[ BLE BLE | | \ BLE
| I \ /
L d I N ‘c ,
~N

Figure 3.4: Adding a BLE to a cluster can decrease the number of used cluster inputs.

may become feasible again when additional BLEs are added. The hill-climbing phase terminates
when the cluster is full; if the cluster is still infeasible VPack backs up to the last point at which
the cluster was feasible. VPack then selects a seed BLE for the next cluster and invokes the first
phase again, as before.

The hill-climbing phase leads to only a small improvement in the number of BLEs packed
into each cluster, which we call logic utilization, vs. using the greedy phase alone. Many circuits
show no improvement, while others show only 1 - 2% gains in logic utilization. The overall aver-
age logic utilization improvement is under 1%. A likely reason for this small improvement is that
the greedy first phase of VPack works very well for clustering problems of this type. It is possi-
ble, however, that the small improvement is because of the limited type of hill-climbing we are
allowing. Logic replication moves could be added to the hill-climbing phase in a very natural
manner, and this would likely improve the utility of hill-climbing.

This packing algorithm is very efficient. The largest benchmark circuit used in this thesis
contains 8381 four-input LUTs and 33 registers -- packing these LUTs and registers into logic
clusters requires less than 1 second of CPU time on a 300 MHz UltraSparc workstation. The
complexity of the algorithm is O(ky, . K-n), where k;,, is the maximum number of terminals on
a net, K is the number of inputs to each LUT, and n is the number of LUTs plus the number of reg-

isters in the circuit.

3.2 Placement: VPR

The Versatile Place and Route (VPR) CAD tool performs placement and either global rout-
ing or combined global-detailed routing for FPGAs [15, 129]. The name Versatile Place and
Route reflects the primary goal in this tool’s design: be able to target a wide variety of FPGA

architectures. In the following sections we describe the capabilities of and algorithms used in the
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VPR placement tool. In Chapter 4, the routing portion of VPR is described.

3.2.1 Overview of the VPR Placement Tool
In VPR, an FPGA is modelled as a set of legal slots, or discrete locations, at which logic
locks or I/O pads can be placed. In keeping with the versatility design goal, an FPGA architec-
ture description file specifies:

@ The number of logic block input and output pins,

« The number of /O pads that fit into one row or one column of the FPGA, and

= The relative widths of the various routing channels across the FPGA.

The dimensions of the logic block array must also be set; if these are not specified on the
command line, the smallest logic block array that will fit the circuit is used.

In Figure 3.5, for example, two [/O pads fit into each row or column of the FPGA, the logic
block array is 4 x 3 logic blocks, and the channels between the logic block array and the I/O pads
are only half as wide as those within the logic block array. Notice that perimeter I/O is assumed
(i.e. wire-bonded pads, rather than flip-chip), so I/O blocks can only be placed on the edges of the
FPGA.

Users can have VPR determine good locations for the I/O pads during placement, or they
can lock the I/O pads in a configuration specified by an input file, or have VPR generate a random
locked /O configuration. This last capability allows the tool to measure the effect of random pin
assignment on different architectures -- an important issue in FPGAs [131]. Locked I/Os occur
frequently in real FPGA designs, since the circuit board on which an FPGA is mounted is often
fabricated before the FPGA circuit design is competed. In such cases, the placement tool must

keep the circuit I/Os in the locations required by the circuit board design.

Narrow Logic block
channellﬁl:”:I DD DD DD/ g
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D E D

OO0 00 OO0 ad
Figure 3.5: FPGA model assumed by VPR placer.
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VPR uses the simulated annealing algorithm, which was described in detail in Section 2.2.2.
Since the basic application of simulated annealing to placement is well known, the following sec-

tions focus on the aspects of our implementation that are improvements to the prior art.

3.2.2 New Adaptive Annealing Schedule

As described in Section 2.2.2, a good annealing schedule is essential to obtain high-quality
solutions in a reasonable computation time with simulated annealing. Recall that an annealing
schedule specifies the number of moves to attempt per temperature, how temperature varies
throughout the anneal, and when the anneal should terminate. Our placement tool targets many
different FPGA architectures, can use several different cost functions, and is used with a wide
variety of circuits that span a large range of sizes. Consequently, we need an annealing schedule
that automatically adapts to the current placement problem; fixed annealing schedules will not
work well. We have developed a new schedule that incorporates some of the best features from
the Huang et al [77], Lam and Delosme [78] and Swartz and Sechen [79] schedules, while using a
new temperature update scheme and exit criterion.

Three parts of this annealing schedule are taken from prior work. First, we compute the ini-
tial temperature in the same way as Huang et al [77]. Let Nyjocks be the total number of logic
blocks plus the number of /O pads in a circuit. We first create a random placement of the circuit.
Next, we perform Npj.cks moves (pairwise swaps) of logic blocks or I/O pads, and compute the
standard deviation of the cost of these Ny s different configurations. The initial temperature is
set to 20 times this standard deviation, ensuring that virtually every move is accepted at the start
of the anneal.

The second feature of our annealing schedule taken from prior work is the number of new
placement configurations evaluated at each temperature. As in [79], we set the number of moves

per temperature to

4/3

MovesPerTemperature = InnerNum - (N, ...) (3.3)

where the default value of InnerNum is 10. This default number can be overridden on the com-
mand line, however, to allow different CPU time / placement quality trade-offs. Reducing the
number of moves per temperature by a factor of 10, for example, speeds up the placer by a factor
of 10 and reduces the final placement quality by less than 10%.

It was shown in [78, 79] that it is desirable to keep the fraction of moves accepted, o, near
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0.44 for as long as possible. We accomplish this in the same way as [78], by using the value of o
to control a range limiter -- only interchanges of blocks that are less than or equal to Ry, units
apart in the x and y directions are attempted. A small value of R);,;, increases « by ensuring that
only blocks which are close together are considered for swapping. These “local swaps” tend to
result in relatively small changes in the placement cost, increasing their probability of acceptance.

Initially, Ry;m;, is set to the span of the entire chip. Whenever the temperature is reduced, the

value of Rj;n;, is updated according to the value of o measured at the old temperature:

Riimis = Riimiz- (1-044 + @) (3.4)
and then clamped to the range | < Ry £ maximum FPGA dimension. This results in Ry,
being the size of the entire chip for the first part of the anneal, shrinking gradually during the mid-
dle stages of the anneal, and finally being I logic block at low temperatures.

The key difference between our new annealing schedule and previous schedules lies in our
method of updating the temperature as the anneal progresses. When the temperature is so high
that almost any move is accepted, we are essentially moving randomly from one placement to
another and little improvement in cost is obtained. Conversely, if very few moves are being
accepted (because the temperature is very low and the current placement is of fairly high quality),
there is also little improvement in cost. With this motivation in mind, we created a temperature
update scheme that increases the amount of time spent at the most productive temperatures --
those where a significant fraction of, but not all, moves are being accepted. We use the fraction of
moves being accepted, «, to directly control how quickly the temperature drops. A new tempera-
ture is computed as Ty, =Y - Tyg, Where the value of v depends on the fraction of attempted
moves that were accepted (o) at T4, as shown in Table 3.1. The exact values of & and v listed in
Table 3.1 were found via experimentation. While the values in Table 3.1 led to the best perfor-
mance, the performance of the annealer is not extremely sensitive to the exact value of 7y as a func-
tion of .. So long as the function y(at) has the right form -- yis near 1 for o around 0.44, and vy is
significantly smaller for o near 1 or O -- the annealer performs reasonably well.

We terminate the anneal when:

Cost
T<eg- ' @3.5)
Nnels

where N .5 is the number of nets in the circuit, and we use an € value of 0.005. The movement of
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Table 3.1: Temperature update schedule.

o Y
a>0.96 B 5_5;
08<0<0.96 0.9
0.15<a<0.8 0.95
a<0.15 0.8

a logic block will always affect at least one net. When the temperature is less than a small fraction
of the average cost of a net, it is unlikely that any move that results in a cost increase will be
accepted, so we terminate the anneal. Again, the performance of the annealer is not terribly sensi-
tive to the € factor in (3.5). Any value between 0.05 and 0.005 is reasonable, with smaller values
giving slightly higher quality placements at the cost of slightly increased CPU time.

The annealing schedule described above has produced excellent results with a wide variety
of cost functions, FPGA architectures, circuits, and moves per temperature (i.e. desired quality)
values. For comparison purposes, we also implemented an annealing schedule based on that of
Huang et al [77}'. This annealing schedule was not sufficiently robust for our purposes, particu-
larly with large circuits. For some circuits its temperature update scheme became too conserva-
tive, and the temperature decreased extremely slowly. For some other circuits its exit criterion did
not function correctly, and a large amount of CPU time was wasted at very low temperatures with
no significant quality improvement. Table 3.2 compares the two annealing schedules on a set of
eight MCNC benchmark circuits [132]. On the six smaller benchmarks the two schedules were
fairly comparable -- our schedule was 1.35x faster, but resulted in placements with 0.9% higher
cost. The Huang schedule broke down on the two larger circuits, however; it took 3.8x more CPU
time on alu4, and did not complete after 40x as much CPU as our schedule required on bigkey.
We want to be able to control the quality-time trade-off of our tools, so an annealing schedule that
is unpredictable, i.e. spends huge amounts of time on some circuits, is not suitable for our pur-
poses.

We have not implemented the schedules of Lam and Delosme [78] or Swartz and Sechen
[791, so we cannot compare our performance to theirs. Note however, that our schedule is much

simpler than that of Lam. It is also completely adaptive (all parameters adapt to the problem at

1. This annealing schedule used the initial temperature, exit criterion and temperature update scheme of
[77]. It used the number of moves per temperature value from [79] (equation (3.4)), however, as this pro-
vides a parameter for controlling the CPU time / quality trade-off.
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Table 3.2: Comparison of new annealing schedule to schedule of Huang et al.

Schedule of Huang et al vs. new schedule
Circuit Nbiocks
CPU ratio Final cost difference
| — —_————
s1423 338 1.03x +0.6%
e64 466 1.16x -0.8%
table3 560 1.30x -1.6%
sbc 561 1.24x -0.4%
x3 648 1.40x -2.4%
C5315 1200 1.99x -0.7%
bigkey 1914 terminated after 40x -5.3%
alud 2319 3.82x -1.5%
7 Circuit Average 870.3 1.71x -1.0%
8 Circuit Average 1000.8 6.5x -1.5%

hand), while the Swartz schedule uses a hard-coded range-limiter variation and number of tem-

peratures to visit.

3.2.3 New Cost Function: Linear Congestion

One of the FPGA architectural issues we investigate is global routing architecture. Recall
that many global routing architectures have wider channels in some regions of the FPGA than in
others; see Figure 1.1 for an example. To fully optimize for such architectures, those portions of a
circuit that require more routing should be placed in regions of the FPGA that have wider routing
channels. The key to obtaining such global-routing-architecture-aware placements is ensuring
that the cost function used properly models the relative difficulty of routing connections in areas
with different channel widths. Accordingly, we developed what we call a linear congestion cost
function. Of all the alternatives we have explored, this cost function provides the best results in a

reasonable computation time. Its functional form is

N

| bbb (D) bb (i)
Cosrlinearcangestian = z q(l)|: = - B"’ 2 - B] ’ (3.6)
Cav, .t(l) Cav' y(l)

i=1
where the summation is over the Ny in the circuit. For each net, i, bb,(i) and bb,(i) denote the

horizontal and vertical spans of its bounding box, respectively. The q(i) factor compensates for
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the fact that the bounding box wire length model underestimates the wiring necessary to connect
nets with more than three terminals [84]. Its value depends on the number of terminals of net i.
We obtained the appropriate values of q(i) from [84]; q(i) is | for nets with 3 or fewer terminals,

and slowly increases to 2.79 for nets with 50 terminals. C,, (i) and Cav‘y(i) are the average chan-

nel capacities (in tracks) in the x and y directions, respectively, over the bounding box of net i.

'this cost function penalizes placements which require more routing in areas of the FPGA
that have narrower channels. The exponent, B, in the cost function allows the relative cost of
using narrow and wide channels to be adjusted. When P is zero the linear congestion cost func-
tion reverts to the standard bounding box cost function. The larger the value of {3, the more wir-
ing in narrow channels is penalized relative to wiring in wider channels; we have experimentally
found that setting B to one results in the highest quality placements.

C,, depends only on the channel capacities, which do not change during a placement, and

on the maximum and minimum coordinates of a bounding box. We therefore precompute all pos-

sible Cyy ¢ and C,, , values and store them in a two-dimensional array indexed by the bounding

box minimum and maximum coordinates. Consequently, recomputing this cost function is essen-
tially as fast as recomputing the traditional bounding box cost function.

In an FPGA where all channels have the same capacity, C,, is also a constant and hence the

linear congestion cost function reduces to a bounding box cost function. In FPGAs where some
channels are wider than others, however, this cost function results in higher quality placements
than a bounding box cost function. The exact amount of routability improvement depends on the
precise global routing architecture used; as one would expect, those in which there is a large dif-
ference between the widths of channels in different regions show the largest improvement. For
the architectures studied in this thesis, placements produced with the linear congestion cost func-
tion typically require 5 to 10% fewer tracks to route than placements produced with a bounding
box cost function.

For comparison, we also implemented the cost function of [84], which we call a non-linear
congestion cost function. We described this cost function in Section 2.2.2. Recall that it divides
the FPGA into an M x M array of regions and attempts to model the routing resource demand and
supply in each of these regions, penalizing placements that appear to result in routing demand
exceeding supply in some regions.

Table 3.3 shows how the linear and nonlinear congestion cost functions compare to a
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bounding box cost function on one FPGA architecture. In this architecture, the 50% of the FPGA
channels nearest the center are twice as wide as the other channels. 36 MCNC [132] benchmarks
were placed and globally routed in the smallest FPGA that could accommodate each. Table 3.3
shows how the number of tracks in the FPGA required to complete global routing and the place-
ment CPU time is affected by the cost function used. Note that 10 of the 36 circuits were /O
vound in the FPGA assumed, so separate columns are provided for the average over these 10 cir-
cuits, the average over the 26 logic-bound circuits, and the overall average. The routability
improvements with the more advanced cost functions are larger for the I/O bound circuits, since
there are “spare” logic blocks in the FPGAs in these cases, giving the placer the option of spread-

ing out the logic to improve routability.

Table 3.3: Comparison of cost function performance on an example FPGA architecture.

Average Tracks Required for Global Routing
Cost function CPU Time
All 36 circuits 26 logic-bound 10 I/O bound
—e— - ——s —
Bounding box 1x 1x Ix I1x
Linear congestion -1% -4% -16% I1x
Nonlinear cong. (16 regions) -8% -5% -16% 5x
Nonlinear cong. (256 regions) -10% -6% -22% 80x

Notice that the non-linear congestion cost function, when computed on a 4 x 4 grid (16
regions), produced placements which required, on average, only 1% fewer tracks to route than
those produced by the linear congestion cost function. However, keeping track of the routing
resource demand in the various chip regions is computationally expensive, and placement with
this cost function requires five times greater CPU time than the linear congestion function. Divid-
ing the FPGA into smaller subregions to make localized congestion more visible improved the
performance of this cost function slightly; a non-linear congestion cost function computed on a 16
x 16 grid (256 regions) performs 3% better than our linear congestion cost function on this archi-
tecture. However, it consumes 80 times the CPU time. We consider the routability improvements
gained by the nonlinear congestion cost function too small to warrant the huge increase in CPU

time, and so prefer the linear congestion cost function developed in this work.

3.2.4 Incremental Net Bounding Box Updates

Even with a good annealing schedule, millions of potential block swaps will be evaluated in
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a typical placement run. The most computationally expensive part of evaluating a swap is com-
puting the change in cost, AC, the swap would produce; it is ciucial that this computation be made
as fast as possible.

Consider the computation of AC caused by the swap of two blocks. The only terms in the
summation of (3.6) that change are those corresponding to the nets attached to the two swapped
blocks. The bounding boxes of all the nets attached to either of these two blocks must be recom-
puted, and then (3.6) can be used to determine AC. The recomputation of the net bounding boxes
is the key step here; unless care is taken, it can dramatically slow the placer.

The straightforward way to re-evaluate a net’s bounding box is to examine the location of
each of its terminals. Unfortunately, this is an O(k) operation for a k-terminal net. Large circuits
typically have many high-fanout nets, a few of which have hundreds of terminals. As well, since
high-fanout nets have terminals on so many blocks, swapping any two blocks has a high probabil-
ity of disturbing some high-fanout nets.

We have developed an alternative to this brute-force computation, which we call incremen-
tal bounding box evaluation. For each net, we store the coordinate of each of the four sides of its

bounding box (Xmins Xmaxs Ymin» Ymax)» and the number of net terminals that lie on each of these
sides (Nymin» Nxmax» Nymin» Nymax)- Figure 3.6 shows an example of this data storage.
Now say that some terminal of this net is moved via a swap from (X4, Yo1d) t© (Xpew» Ynew)-

Since we have stored the extra information shown in Figure 3.6, we can usually determine the new
net bounding box by looking only at the terminal which moved, rather than all k terminals. Figure

3.7 lists the pseudo-code used to update the xp,;, and Ny values for a net i; the code for the

Figure 3.6: Data stored to enable incremental bounding box updates.
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if (Xpew '=Xo1g) {  /* Terminal has moved horizontally */
if (Xpew < Xmin(i) { /* Terminal moved left past old xy,;, edge */
xmin(i) = Xnew>
Nymin() =15
}

else if (Xpew == Xmin(i)) {  /* Terminal moved left to lie on the old xp,;, edge */
Nymint+:

}

else if (Xg1g == Xin(i)) {  /* Terminal was on x,;, edge; moved right */
if Nymin> D { /* Still terminals on x,;, edge? */

Nymin—s

}
else {
BruteForceBoundingBoxRecompute (i);

}

Figure 3.7: Pseudo-code to update the bounding box of net i incrementally.

other four sides is similar.

Notice that there is only one case for which the net bounding box must be recomputed by
the brute-force procedure: when the terminal moved is the only net terminal on a side of the
bounding box, and it is moved inward, toward the bounding box center. In this case the recompu-
tation is O(k), while in all other cases it is O(1). The probability of an arbitrary net terminal being

on some side of the bounding box, and being the only terminal on that side of the bounding box is

o 1/k, however. Hence the average net bounding box recomputation is 0(1 + % . k) = O(l).

We have experimentally determined that our incremental bounding box update method is
faster than the brute-force method for all nets with more than 4 terminals. Using this more
sophisticated technique for nets with more than 4 terminals yields, on average, a more than five
times speedup in the placer. Table 3.4 compares the CPU time on a 300 MHz UltraSparc needed
to place the ten largest MCNC benchmark circuits with and without incremental bounding box
recalculation. In this experiment each logic block is a BLE (4-LUT / FF pair). The speedup due
to incremental bounding box updates ranges from 2.52 times to 9.41 times, with an average

speedup of 5.39 times. The variation in speedup is due to the different fanout distributions of
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these circuits -- circuits with a higher average fanout benefit more. Since placement is so time-
consuming, and there is considerable need for fast CAD tools as FPGA sizes increase [122], this
speedup is very important. Another useful feature of the incremental bounding box code is that it
makes the CPU time required to place a circuit highly predictable from the circuit size; this allows

a CAD tool to give a user an accurate estimate of the time required to place a circuit.

Table 3.4: Placement CPU time with and without incremental bounding box recalculation.

# Logi CPU (s) CPU (s)
Circuit oslc without incremental with incremental Speedup
Blocks . .
bounding box bounding box
——
apex2 1878 116 46 2.52x
5298 1931 386 41 9.41x
frisc 3556 599 127 4.72x
elliptic 3604 864 25 6.91x
spla 3690 434 125 3.47x
pdc 4575 664 172 3.86x
ex1010 4598 706 183 3.86x
s38417 6406 1405 315 4.46x
s38584.1 6447 2815 340 8.28x
clma 8383 3207 499 6.43x
Arithmetic Average: 4507 1120 197 5.39x
Geometric Average: 4071 755 151 4.99x

The InnerNum value for these results was set to ; to obtain the highest quality (5 - 10%

better) results, InnerNum is set to ten, and therefore ten times more CPU is required than Table

3.4 lists. Hence one can see why speeding up placement is important!

3.3 Summary

In this chapter we have described our logic block packing tool, VPack, and the placement
portion of the VPR placement and routing tool. VPack is the first logic block packing tool target-
ing cluster-based logic blocks. VPR incorporates three enhancements over prior simulated-
annealing placement algorithms: a new annealing schedule, a routability-enhancing linear con-
gestion cost function, and an incremental net bounding box update method that reduces placement

CPU time by a factor of over 5. The next chapter continues the description of the CAD tools
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developed for this thesis by describing the VPR router. At the end of the next chapter, the perfor-
mance of the VPR placement and routing tool will be compared to that of prior CAD tools, allow-

ing us to evaluate the result quality of the placement tool described in this chapter.
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Chapter 4
Routing Tools and Routiing

Architecture Generation

In this chapter we describe how the routing portion of VPR works. We begin by describing
the spectrum of FPGA architectures that the router has targeted, and the understandable architec-
ture parameters used to describe an FPGA to VPR. We then explain how a routing architecture is
represented internally, and how the succinct description provided by a user is automatically
turned into this highly detailed architecture representation. Next, we describe the two routers
built into VPR; one is purely routability-driven, while the other is both timing- and routability-
driven. The timing-driven router requires a fast and accurate net delay extractor and a path-based
timing analyzer, both of which are also discussed. Finally, we compare the performance of VPR
to that of several other published CAD tools, and show that it outperforms all the tools to which

we have been able to compare.

4.1 Position within the CAD flow

Figure 4.1 shows where the VPR router fits into the CAD flow. Its input is a netlist of logic
blocks and an architecture file which describes the target FPGA. A placement is either read in or
the VPR placer is used to place the circuit, and then either the routability-driven or the timing-
driven router built into VPR is invoked. Each of these routers can perform either a combined glo-
bal-detailed routing, or global routing only. Once routing is complete, various statistics, such as

routed wirelength, routing resource utilization and the delay of the critical path are output.
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Netlist of Architecture
logic blocks description file

— ——

-
VPR 7 Existing placement >
| Place circuit or read in existing placement ]4# ——=+ o placement from
\ _ another CADtool 7/
~ - — -~

N —

Perform either combined global/detailed
routing, or global routing only

Placement and routing output files,
Placement and routing statistics

Figure 4.1: VPR router operation and position within the CAD flow.

4.2 Architecture Parameterization and Generation

Since our primary goal in this research is to investigate many different FPGA architectures,
we would like our tools to:

I. Be as architecture-independent as possible, and

2. Be easy to use with different architectures -- that is, we would like to be able to describe

different architectures to VPR quickly.

To achieve the first goal, we have made the router, graphics routines, delay extractor, and
various other routines all operate on a directed graph that describes the FPGA. This routing-
resource graph representation is very general, and can describe a wide variety of FPGA architec-
tures. Unfortunately, describing a new architecture by creating a routing-resource graph by hand
is not feasible -- the routing-resource graph to describe a typical FPGA containing 8000 4-LUTs
is almost 30 MB in size. One possibility is to design a basic tile (a single logic block and its asso-
ciated routing) manuaily, and create a program to automatically replicate and stitch together this
tile into a routing-resource graph describing the entire FPGA. Even creating a basic tile manually
is too time-consuming for our purposes, however. A typical tile contains several hundred pro-
grammable switches and wires, so it can take hours or days to describe even one tile. Further-
more, such a hand-crafted tile is designed for one value of routing channel width, W. In many of
our experiments we wish to vary W in order to see how routable a given FPGA architecture is, or
how well our CAD tools optimize for routability. With a tile-based approach, we would have to

hand-craft one tile for each different value of W, for each architecture. Since we wish to investi-
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VPR
) Router,
Architecture Architecture Routing-resource graphics,
description file - generator graph statistics
(parameters) Highly detailed routines
very general

Concise, understandable

Figure 4.2: A concise architecture description is converted to a detailed graph description.

gate hundreds of different FPGA architectures, and tens of W values for each of these architec-
tures, we would have to create thousands or tens of thousands of these basic tiles.

In order to satisfy the ease of use goal, therefore, we have designed VPR so that it takes a
concise, human-comprehensible architecture definition file, and uses an internal graph generator
to create the highly detailed routing-resource graph representation which the router and other
CAD routines use. Figure 4.2 illustrates the basic idea. If one wants to look at a completely new
class of FPGAs that does not fit into the current format of the architecture description file, then,
only the routing graph generator has to be modified; the router, graphics, timing analyzer, and sta-

tistics routines will all function correctly.

4.2.1 Architecture Parameterization

We want our architecture description file to be easy to create, so we tried to parameterize
architectures in ways that are intuitive to FPGA researchers. By parameterizing our architectures
we also make it easier to describe our results to other researchers, and to understand why one
architecture is better than another. (Simply showing that one 30 MB routing-resource graph was
superior to most others would not allow us to describe our results to others very easily!)

To perform routing we need more information about the architecture than is required for
placement only. The architecture description file specifies:

e The number of logic block input and output pins,

e The side(s) of the logic block from which each input and output is accessible,

e The logical equivalence between the various input and output pins (e.g. all LUT inputs

are functionally equivalent),

o The number of /O pads that fit into one row or column of the FPGA,

o The relative widths of the horizontal and vertical channels, and

» The relative widths (number of tracks) of the channels in different regions of the FPGA.

If only global routing is desired, these are all the parameters needed. If combined global-
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detailed routing is desired, however, the architecture file must also specify:

e The switch box topology used to connect the routing tracks (i.e. which tracks connect to

which at a switch box),

» The number of tracks to which each logic block input pin connects, F¢ i,y

*» The F, value for logic block outputs, F¢ oypur

* The F, value for /O pads, F 5,4, and

e One or more wire segment types. For each segment type, one specifies:

» The fraction of tracks in a channel that are of this segment type,

* The segment length (number of logic blocks spanned by a wire segment),

o The type of switch (pass-transistor or tri-state buffer, drive strength, etc.) used to
connect a wire segment of this type to other routing segments,

» The switch box internal population of this segment type (discussed below), and

s The connection box internal population of this segment type (discussed below).

Note that the segmentation distribution (the fraction of routing tracks of each length), is
specified as part of the wire type definitions.

We define internal population (described in Section 2.1.3) in a more general way than prior
researchers. Recall that internal population describes whether or not logic blocks and routing
wires can connect to the interior of a wire segment, or if connections to a wire can be made only at
its ends. In [17], a wire segment is either completely internally populated or completely depopu-
lated. We allow partial depopulation of the interior of a wire segment. For example, a length five
segment spans five logic blocks. If we specify a connection-box population of 100%, this wire
segment can connect to all five logic blocks it passes, so it is fully internally populated. If the con-
nection-box population is 40%, it can only connect to the two logic blocks at its ends, so it is
internally depopulated. If we specify a connection-box population of 60%, however, the wire can
connect to the two logic blocks at its ends and one logic block in its interior, so it is partially inter-
nally depopulated. Figure 4.3 illustrates the four possible values of connection-box population
for a length five wire. Switch-box population is specified in a similar, percentage, form.

Notice that we specify the distribution of wire types as fractions of the channel width, W,
rather than as an absolute number of tracks of each type. For example, one might say there are
20% length = 2 wires and 80% length = 5 wires. This allows a user to attempt routings with dif-

ferent W values, to determine the routability of an architecture, without changing the architecture
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100% connection-box population

80% connection-box population

60% connection-box population

40% connection-box population

Figure 4.3: Possible connection-box population values for length 5 wires segments.

file. Similarly, the various F, values can be specified either as absolute numbers (e.g. 5 tracks), or

as a fraction of the tracks in a channel (e.g. 0.2-W).

The number of tracks per chann=l, W, and the size of the logic block array size can be spec-
ified on the command line. If one or more of these parameters is not specified, VPR will deter-
mine the minimum value(s) needed to fit the circuit in the specified FPGA architecture.

Finally, to allow extraction of the delay of routed nets and path-based timing-analysis, one
must specify various timing parameters in the architecture description file. These include:

e The input and output capacitance, equivalent resistance, and intrinsic delay of each type

of switch used in the routing; as many switch types as desired can be defined.

« The capacitance and resistance of each type of wire segment,

e The delays of ail the combinational and sequential elements within each logic block, and

e The delays of the I/O pads.

4.2.2 The Routing-Resource Graph

While the architecture parameters listed above are easy for FPGA architects to understand
and specify, they are not appropriate for use as an internal architecture representation for a router.
Internally, VPR uses a routing-resource graph [80] to describe the FPGA; this is more general
than any parameterization, since it can specify arbitrary connectivity. It also makes it much faster
to determine connectivity information, such as the wires to which a given wire segment can con-
nect, since this information is explicitly contained in the graph.

Each wire and each logic block pin becomes a node in this routing-resource graph and each
switch becomes an directed edge (for unidirectional switches, such as buffers) or a pair of directed
edges (for bidirectional switches, such as pass transistors) between the two appropriate nodes.
Figure 4.4 shows the routing-resource graph corresponding to a portion of an FPGA whose logic

block contains a single 2-input, 1-output LUT.
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Figure 4.4: Modelling FPGA routing architecture as a directed graph.

inl

Often FPGAs have logically equivalent pins; for example, all the input pins to a LUT are
logically equivalent. This means that a router can complete a given connection using any one of
the input pins of a LUT; changing the values stored in the LUT can compensate for any re-order-
ing of which connection connects to which input pin performed by the router. We model this log-
ical equivalence in the routing-resource graph by adding source nodes at which all nets begin, and
sink nodes at which all net terminals end. There is one source node for each set of logically-
equivalent output pins, and there is an edge from the source to each of these output pins. Simi-
larly, there is one sink node for each set of logically-equivalent input pins, and an edge from each
of these input pins to the sink node.

To reduce the number of nodes in the routing-resource graph, and hence save memory, we
assign a capacity to each node. A node’s capacity is the maximum number of different nets which
can use this node in a legal routing. Wire segments and logic block pins have capacity one, since
only one net may use each. Sinks and sources can have larger capacities. For example, in a 4-
input LUT, there is one group of four logically-equivalent inputs, so we have one sink of capacity
four. If we could not assign a capacity of four to the sink, we would be forced to create four logi-
cally-equivalent sinks and connect them to the four input pins via a complete bipartite graph
(K4 4), wasting considerable memory.

By constructing an appropriate routing-resource graph we can perform global routing,
instead of combined global-detailed routing, with no changes to our router code. Figure 4.5
shows a routing-resource graph for global routing. Again, each logic block pin becomes a node,
and source and sink nodes are added for each logically-equivalent group of pins. Now, however,
instead of each wire becoming a node, each channel segment (the length of channel that spans one

logic block) becomes a routing-resource node. The capacity of each of these nodes is equal to the
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Figure 4.5: Modelling the FPGA global routing problem via a directed graph.

number of wires, or tracks, in the corresponding channel segment; in Figure 4.5, for example, the
capacity of each channel segment node is 4. Edges are added to connect logic block input and
output pins to the adjacent channel segments, and to connect adjacent channel segments together.

To perform timing-driven routing, timing analysis, and to graphically display the architec-
ture (see Appendix A), we need more information than just the raw connectivity embodied in the
nodes and edges of the routing-resource graph. Accordingly, we annotate each node in the graph
with its type (wire, input pin, etc.), location in the FPGA array, capacitance and metal resistance.
Each edge in the graph is marked with the index of its “switch type,” allowing retrieval of infor-
mation about the switch intrinsic delay, equivalent resistance, input and output capacitance and

whether the switch is a pass transistor or tri-state buffer.

4.2.3 Automatic Architecture Generation from Parameters
As the previous two sections have described, there are compelling reasons to allow design-
ers to specify architectures in an understandable, parameterized format, and for the routing tools
to work with a more detailed, graph-based, description. As Figure 4.2 shows, then, VPR must be
capable of automatically generating a routing-resource graph from a set of specified architecture
parameters. Generating an architecture automatically is a difficult problem for two reasons:
1. We want to create a good architecture with the specified parameters. That is, the unspec-
ified properties of the architecture should be set to “reasonable” values.
2. Simultaneously satisfying all the parameters defining the architecture is difficult. In
some cases, the specified parameters conflict and overspecify the FPGA, making it
impossible to simultaneously satisfy all the specified constraints.

Consider the first problem. If we require a user to specify every conceivable parameter, and
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every interaction between these parameters, describing an architecture will be very time-consum-
ing. Instead, we want to allow users to specify the important parameters, and have the VPR tool
automatically adjust other parameters of the architecture so that a good FPGA results. For exam-
ple, we require that a user specify the number of tracks to which input and output pins can con-
nect, Fejnpur and Fe oyepur rather ihan requiring a user to specify the complete connection box
switch pattern. This certainly simplifies the task of describing an FPGA, but it means that VPR
must generate a good connection box switch pattern automatically.
Let us consider this connection box problem in more detail. We decided that the switch pat-
tern chosen should:
« Ensure that all W tracks in a channel can be connected to roughly the same number of
input pins, and roughly the same number of output pins,
» Ensure that each pin can connect to a mix of different wire types (e.g. different length
wires),
= Ensure that pins that appear on multiple sides of the logic block connect to different
tracks on each side, to allow more routing options,
» Ensure that logically-equivalent pins connect to different tracks, again to allow more
routing options, and
= Ensure that pathological switch topologies in which it is impossible to route from certain
output pins to certain input pins (see Figure 4.6) do not occur.
Clearly this is a complex problem. In essence, the proper connection box pattern is a func-
tion of F¢ jnpues Feoutpurr W, the segmentation distribution, the logical equivalence between pins,
and the side(s) of a logic block from which each pin is accessible. The last condition is also a

function of the switch box topology. VPR attempts to build a connection box that satisfies the five

Routing wire

out2 out2

in2
inl outl

in2
inl outl

Routing SWitCh e 2 - - - - - - - - X —)'(—"
(a) Nets starting at out2 can only reach in2, (b) Nets starting at either output can reach either
nets starting at outl can only reach inl input; vastly improved routability.

Figure 4.6: Example connection box patterns: (a) pathologically bad; (b} good.
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criteria above, but it will not necessarily perfectly satisfy them all for all architectures.

The second difficulty in generating an architecture automatically is simultaneously meeting
all the user-defined specifications. We will illustraic this difficulty with an example that shows it
often takes considerable thought tc simultaneously satisfy the specifications. Consider an archi-
tecture in which:

o Each channel is three tracks wide.

e Each wire is of length 3.

« Each wire has an internal switch box population of 50%. That is, routing switches can

connect only to the ends of a wire segment (2 of the 4 possible switch box locations).

@ The switch box topology is disjoint [96]. In this switch box, wires in track 1 always con-

nect only to other wires in track 1, and so on. This is the switch box topology used in the
original Xilinx 4000 FPGAs [133].

Figure 4.7 shows the disjoint switch box topology, and a channel containing 3 wires of
length 3. Notice that the “start points” of the wire segments are staggered [33]. This enhances
routability, since each logic block in the FPGA can then reach a logic block two units away in
either direction using only one wire segment. It also arises naturally in a tile-based layout, so
staggering the start points of the segments in this way makes it easier to lay out the FPGA. A tile-
based FPGA layout is one in which only a single logic block and its associated routing (one verti-
cal channel segment and one horizontal channel segment) have to be laid out -- the entire FPGA is
created by replication of this basic tile.

The most straightforward way to create an FPGA with this architecture is to create one hor-
izontal channel and one vertical channel, and replicate them across the array. Switches are then
inserted between horizontal and vertical wire segments which the switch box and internal popula-
tion parameters indicate should be connected. Figure 4.8 shows the results of such a technique,

where only a few of the routing switches have been shown for clarity. Notice that this FPGA does

Programmable switch PR Segment “start points”
_ — // '|. \ //

A P P:“".' _‘.:4 //

B ¢ ( ~ \\\ :J:"/ // ¥/ F

Wire segment

(a) Disjoint switch block (b) Each channel contains 3 wires of length three.

Figure 4.7: Architecture specification: (a) disjoint switch block; (b) segmentation distribution.
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Figure 4.8: Replicating one channel causes the horizontal and vertical constraints to conflict.

not meet the specifications. By inserting routing switches at the ends of the horizontal segments,
we are allowing connections into the middle of vertical segments. However, our specifications
said that segments should have routing switches only at their ends. If we do not insert switches at
the ends of the horizontal segments, however, we cannot connect to the ends of the horizontal seg-
ments, so the specifications are again violated. We call this problem a conflict between the hori-
zontal constraints and the vertical constraints.

The solution to this problem is shown in Figure 4.9. Instead of simply replicating a singie
channel, the “start points” of the segments in each channel have to be adjusted. As Figure 4.9

shows, this allows the horizontal and vertical constraints to be simultaneously satisfied. The spec-

Vertical Vertical Vertical Vertical
channel | channel 2 channel 3  channel 4

= Wire segment
----- Routing switch
(1,3) (2,3) (3.3) 4.3) (5.3)
Horizontal e D " :::l'. 1= o &
channel 2 , % 1 " - : ey . ‘; E :r_
(1,2) (2,2) (3.2) 4.2) (5.2)
Horizontal 11 ™. ; ::‘i'. -
channel | 0 I A v b
(LD 2n (3,1) @.n 5.1
. ‘. -] '_ R - LN 2
Horizontal - — 1. -F 1 Track numbers
channel 0 -41-F 1 0
012

Figure 4.9: Adjust segment start points to satisfy both the horizontal and vertical constraints.
The FPGA coordinate system is also shown.
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ification for the FPGA has been completely realized -- every segment connects to others only at its
ends, and the switch box topology is disjoint. Figure 4.10 shows how one can implement this
architecture using a single layout tile. This is an additional bonus of this “segment start point
adjustment” technique -- we not only meet our specifications fully, but create an easily laid-out
FPGA.

In order to describe the adjustment of the segment start points more clearly, let us define an
FPGA coordinate system. Let the logic block in the lower left corner of the logic block array have
coordinates (1,1). The logic block to its right has coordinates (2,1), and the logic block above it
has coordinates (1,2), as Figure 4.9 shows. A horizontal channel has the same y-coordinate as the
logic block below it, and a vertical channel has the same x-coordinate as the logic block to its left.
We also number the tracks within each channel from O to 2, with track O being the bottommost
track in a horizontal channel, or the leftmost track in a vertical channel.

The proper adjustment shifts the start point of each segment back by 1 logic block, relative
to its start point in channel j, when constructing channel j+1. For example, in Figure 4.9, the left
ends of the wire segments in track 0, horizontal channel O line up with the logic blocks that satisfy

(i+2)modulo3 = 0, 4.1)
where i is the horizontal (x) coordinate of a logic block. In channel I, track 0, however, the left
ends of the wire segments line up with logic blocks that satisfy:

(i+3) modulo3=0 4.2)

A similar shifting back of start points must be performed in the vertical channels -- the start point

— Wil'e S